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Reactive multilayers are interesting for a variety of applications, including near-net shape form-
ing of parts/systems of intermetallic compounds, dissimilar/similar joining, ignition origin and as
highly localized heat sources. In the last decade, the production of intermetallic compounds, from
multilayer thin films, became a widespread process. Due to its moderate enthalpy of reaction,
the Ni-Ti system has not yet received special attention in the context of low temperature joining,
in spite of its reaction product, NiTi, having promising mechanical properties, like superleasticity
and shape memory effect. The aim of this PhD thesis was to study the reaction between Ni/Ti
multilayers, by thermal treatment/pressure or activated using femtosecond laser pulses and the
possibility to use them as joining mechanism.
Ni/Ti reactive nanomultilayers with different modulation period (Λ =5 nm, 12 nm, 25 nm and
75 nm) and a total thickness of around 2.5 µm were deposited, using a magnetron sputtering equip-
ment (double cathode). These multilayer thin films exhibit a columnar growth, independently of
the substrates, and a roughness value that is directly proportional to the modulation period. Struc-
tural evolution was followed during thermal treatment in situ using synchrotron x-ray diffraction.
The multilayers evolve from Ni/Ti to B2-NiTi, in one step, without the formation of intermediate
phases and independently of selected material and modulation period. The reaction temperature
of the phase evolution varies with the period and the heating rate. When the multilayer thin films
are deposited onto Ti6Al4V substrates, the nickel from the NiTi (final phase), at temperatures
higher than ≈450 ◦C, diffuses to the substrate.
Sound joints between NiTi and Ti6Al4V were achieved utilizing Ni/Ti multilayers with 12
and 25 nm periods at temperature as low as 600 ◦C, during 30 min, under a pressure of 10 MPa.
However, the loss of nickel for the material poor in Ni was always observed. This element promotes
the occurrence, in the selected alloy (Ti6Al4V), of the formation of titanium in the beta phase. In
situ synchrotron x-ray diffraction in transmission mode, during the joining process, revealed that
the formation of the NiT i2 is reduced in the joints produced at lower temperatures. Nevertheless,
the bonds presented good interface quality, without pores or other significant defects.
Ignition experiments were conducted on several multilayers using femtosecond laser pulses with
high energy density. However, the substrates’ thermal properties play a very important role: while
metallic substrates quench the reaction confining it to the volume interacted by laser, for ceramic
substrates like zirconia, the reaction is more significant in dimension. In truth, for conventional film
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thickness (2-5 µm) it was demonstrated that even when multilayers are nanocrystaline, the reaction
continues to be difficult to start. Thicker films (60 µm) are incompatible with the adhesion of the
bonding material. Using femtosecond laser pulses it was possible to produce a nanopattern with
lower periodicity than the laser wavelength (LIPSS), while maintaining the multilayer structure.
Keywords: Ni/Ti multilayers; NiTi; Ti6Al4V; Joining; Femtosecond laser; Synchrotron radi-
ation.
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As multicamadas reativas são interessantes para uma variedade de aplicações, incluindo a for-
mação de peças/sistemas de materiais intermetálicos perto da forma final, soldadura similar e
dissimilar, fonte de ignição e como fonte de calor localizada. Na última década, a produção de
compostos intermetálicos através de filmes finos em multicamada, tornou-se um processo de lig-
ação generalizado. Devido à sua moderada entalpia de reação, o sistema Ni-Ti ainda não recebeu a
atenção devida, no contexto de ligações a temperaturas reduzidas, apesar do seu produto da reação
(NiTi) ter propriedades mecânicas promissoras, como a superelasticidade e a memória de forma. O
objetivo desta tese de doutoramento foi estudar a reação entre multicamadas de Ni/Ti, através de
aquecimento/pressão ou quando acionadas por pulsos laser de femtosegundo e a possibilidade da
sua utilização como meio de ligação.
Multicamadas reativas de Ni / Ti com diferentes nanoperíodos de modulação (Λ =5 nm, 12 nm,
25 nm e 75 nm), espessura total de cerca de 2.5 µm, foram depositadas por recurso a um equipamento
de pulverização catódica por magnetrão (com dois cátodos). Estes filmes finos de multicamada
têm um crescimento colunar, independentemente dos substratos, e valores de rugosidade que são
diretamente proporcionais ao período de modulação. A evolução estrutural foi seguida, durante
o tratamento térmico, usando difração de raios X in situ, através de radiação de sincrotrão. As
multicamadas evoluem, de Ni/Ti para B2-NiTi, num só passo, sem a formação de fases intermédias
e independentemente do substrato selecionado e do período de modulação. A temperatura a que
ocorre a reação varia de acordo com o período e a taxa de aquecimento. Quando as multicamadas
são depositadas sobre substratos de Ti6Al4V, o níquel do filme de NiTi (fase final) a temperaturas
superiores a ≈450 ◦C difunde para o substrato.
Ligações sãs entre NiTi e Ti6Al4V, utilizando multicamadas de Ni / Ti com 12 e 25 nm de
período foram conseguidas a temperaturas relativamente baixas, como 600 ◦C, durante 30 min,
sujeitas a uma pressão de 10 MPa. Contudo, a perda de níquel para o material pobre em Ni foi
sempre observada. Este elemento promove a ocorrência, na liga selecionada (Ti6Al4V), da formação
de titânio na fase beta. As ligações produzidas durante a evolução de fase, seguidas em difração
de raios X, através de radiação de sincrotrão in situ em modo de transmissão, revelaram que a
formação do NiT i2 é reduzida para as ligações produzidas a temperaturas mais baixas. Ainda
assim, as ligações apresentaram boa qualidade de interface, sem poros ou defeitos significativos.
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Foram realizados alguns testes de ignição em várias multicamadas, usando pulsos de laser de
femtosegundo de elevada intensidade. Contudo, as propriedades térmicas dos materiais do sub-
strato desempenham um papel muito importante: se forem materiais metálicos extinguem a reação,
confinando-a ao volume interagido pelo laser, quando se altera para cerâmicos, como a zircónia, a
reação é mais significativa em dimensão. Na verdade, para espessuras de filmes finos convencionais
(2-5 µm) ficou demonstrado que mesmo quando as nanocamadas constituintes das multicamadas
são nanocristalinas, a reação continua a apresentar dificuldade de iniciação. Espessuras de maior
dimensão (60 µm) são incompatíveis com adesão ao material a ligar. Usando impulsos laser de
femtosegundo, foi possível produzir um nanopadrão com periodicidade inferior ao comprimento de
onda do laser (LIPSS), mantendo a estrutura de multicamada.
Palavras-chave: Multicamdas Ni/Ti; NiTi; Ti6Al4V; Ligações; Laser de femtosegundo; Ra-
diação de sincrotrão.
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Introduction
In recent years, there has been an explosive growth in the field of small mechanical systems
and devices. With the ever-increasing drive for miniaturization, the deriving increased complexity
requires sophisticated joining processes with low defect rates, while attempting to decrease the
size of the assemblies and increasing performance. Whatever the application, basic and applied
research work is needed to attain the main goals of joining: very thin joints, no free-standing filler
and reduced thermal-affected zones.
Since 1980, it has been known that exothermic reactions between materials that have large
negative enthalpies of mixing can become self-sustained, if the heat that is generated through
atomic mixing is faster than the heat removed by thermal diffusion. Normally, this process was
observed using powder materials but, through the increase in the specific area, it is possible to
enhance the self-propagating process. Thus, the nanocrystallinity of the reactive elements could
improve the reaction. In multilayer structures produced by physical vapour deposition (sputtering),
since the diffusion distances are reduced when compared to powders, atomic mixing is enhanced
and, therefore, the reactivity increased. Reactive multilayer films are structures containing many
nanoscale layers that generally alternate between a transition metal and a light element.
Sputtering technique also reduces interface impurities by placing the reactants in close con-
tact, in a vacuum environment. Therefore, in nanoscale multilayers, heat can be generated faster,
increasing the reaction velocity and enabling exothermic reactions to be self-sustained in several
binary systems. During the reaction of multilayer thin films, the atomic diffusion is mainly normal
to the layering, while wave propagation is parallel to the layers. So far, self-propagating reactions
have essentially been reported in multilayers based on Si or Al [Picard et al., 2006] and it is believed
that formation enthalpies must generate a heat of reaction greater than 30 kJ mol−1 in order to
self-propagate through whole the multilayer system.
Self-propagating reactive multilayers can be used as stand-alone heat sources or to melt sur-
rounding solder or braze and, thereby, join components. For some years now, Ni/Al multilayer foils
have been used as local heat sources to melt braze alloys and, hence, improve brazing technology.
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In addition, these can be used to enhance diffusion bonding processes by taking advantage of the
improved diffusivity and reactivity of the alternating nanometric layers.
Some work in joining, using reactive multilayers with 1 - 5 µm thickness at low temperatures
(Reaction Assisted Diffusion Bonding - RADB), has already been done by CEMUC researchers.
Diffusion bonding does not induce severe residual stresses (particularly if the multilayer is a thin
film with a thickness lower than 10 µm), it involves little deformation and produces interfaces of
similar materials therefore, high-temperature mechanical resistance and defect-free interfaces can
be achieved. However, diffusion bonding needs high temperatures to enhance diffusion and isostatic
pressure in the different geometries of the parts to be joined.
This difficulty can be overcome by starting the self-propagating reaction by pulsing one end
of the multilayer with a small burst of energy. The energy can be applied through the impact
of a sharp stylus, a spark from an electrical source or the heat from a filament. Due to its high
versatility, lasers are the perfect candidates to be the igniters for this reaction. In fact, lasers
provide a controllable source of energy that can be used to better quantify ignition parameters.
Only few investigators have been able to ignite a multilayer system using short duration laser
pulses. In particular, short and ultrashort lasers are promising energy sources for this application,
due to their ability of delivering high energy pulses to a very small volume, in a very short period
of time. As a result, heating of the surrounding volume is significantly reduced and, consequently,
all the negative aspects associated with a thermal-affected zone are no longer present (diffusion of
elements from the multilayer to the base material). There is no melt zone, no micro-cracking, no
shock wave that can delaminate multilayer materials, no stress that can damage adjacent structures,
and no recast layer.
The aim of this thesis is to explore the applicability of Ni/Ti reactive nanomultilayers for
micro-joining purposes. In order to achieve this goal, the multilayer structure/morphology has
been described utilizing conventional material characterization techniques on this structure in the
as-deposited state. The most important property of this structure is the ability to evolve from
Ni/Ti to B2-NiTi, and therefore, the structural/phase evolution was followed in situ, firstly with
conventional hot x-ray diffraction and, afterwards, with synchrotron radiation. The final step
consisted in the characterization by in situ transmission synchrotron radiation technique, during
reactive assisted diffusion bonding, between two materials considered of the most importance for
biomedical applications (NiTi and Ti6Al4V). Once the evolution was fully characterized it was
necessary to understand, with the assistance of very short laser pulses, if it was possible to initiate
the self-propagating reaction on a coated metallic substrate.
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The thesis is organized in four different chapters: (1) State of the art, (2) Experimental details,
(3) Results and discussion and (4) Conclusions.
Chapter 1 will introduce the work previously developed in five different sections. First a brief
description of the Self-propagating High-temperature Synthesis (SHS) process and some of the
possible material combinations that exhibit this characteristic. The second section refers to some
of the multilayers thin films produced/studied as well as (dis)advantages of the different techniques
than can be used. Afterwards, SHS will be associated with the multilayers and the analysis will
focus on multilayers that exhibit this mechanism. One of the main focus is to emphasise the most
important parameters involved in the self-propagating reaction and its individual contribution
for the reaction evolution. Application of these multilayers for joining materials is also revised
regarding the different configurations/methodologies conceptualized. The last section refers to
ultra-short laser pulse interaction with materials, concluding it with a few results regarding the
laser ignition of reactive multilayers.
The experimental and characterization methodologies utilized during this thesis will be sum-
marized in Chapter 2, beginning with the description of the technique to deposit the multilayered
system. Afterwards, the characterization processes used will be described. Due to the unconven-
tional character of synchrotron radiation technique, each of the beamlines used will be described,
individually, in more detail. Next, the two joining methodologies employed will be described.
Finally, the different laser configurations used to study the laser/multilayer interaction will be
addressed.
The results and discussion will be the motivation of Chapter 3. This chapter is divided into
four different sections:
1. As-deposited multilayers - in this section the multilayers in the as-deposited state will be
characterized concerning topography and morphology, phase composition and nanodetails of
the thin films multilayers;
2. Thermal evolution of the multilayers - the phase evolution that the multilayers undergo will be
followed using in situ characterization technologies, as well as, after heat treatment analysis.
The multilayer (Ni/Ti) evolution interaction with the base material will also be considered,
namely with Ti6Al4V;
3. Reaction Assisted Diffusion Bonding (RADB) joints using Ni/Ti multilayers - the applica-
bility objective will be presented in this section with analysis of the joints produced between
NiTi and Ti6Al4V utilizing Ni/Ti multilayers;
4. Laser/multilayer interaction - the problematic of igniting the multilayer will be tackled in
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this section, where several ignition experiments were conducted, using different period/base
material combinations. The heat losses to the bulk material, during the reaction, will be
analysed and discussed.
Conclusions reached by the study are briefly summarized for each undergone step: starting
with the description of the as-deposited Ni/Ti multilayers, the phase evolution characterization
and finally the production of joints, using the multilayers. The effect of laser interaction with
multilayer thin film, with nanoperiods, is highlighted. Suggestions for future work are proposed.
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State of the art
Reactive multilayers are structures composed by alternating thin metal films/foils, as energetic
materials, that can be used as heat sources for joining purposes, using different approaches. Laser,
in comparison with conventional heat sources, provides a high mobility, high density energy source
that could be the perfect candidate to ignite the reaction of these reactive multilayers. In this
chapter it is briefly introduced the actual state of art of the multilayer structures, which use
laser ignition for joining, passing through the SHS process, reactive multilayers and laser/material
interactions.
1.1 Self-propagating High Temperature Synthesis
SHS is the acronym of Self-propagating High-temperature Synthesis which is a relatively new
and simple method to produce materials that are difficult to obtain using conventional processing
technologies. This process is based on systems that are able to react, exothermically, when ignited
and its ability to sustain the reaction enough to form a combustion wave. This reaction can reach
high temperatures (4726 ◦C) as well as very fast wave propagation velocities (25 cm s−1) [Mossino,
2004]. One of the first very fast reactions reported, dates back to the year 1963 by the Japanese
scientist Kimura [Kimura, 1963].
Generally, SHS is applied in powder technology, where the powders are mixed, pressed into a
pellet to increase contact between them and, afterwards, activated [Mossino, 2004]. SHS in powder
materials can be used in two different ways: produce intermediate products for further processing
or direct production of near-net shape components [Merzhanov, 1995].
Various materials have been synthesized using SHS (Table 1.1) with a wide variety of possible
applications, emphasizing its importance in material engineering. This process has various advan-
tages: simplicity, relatively low energy requirement, high purity of the final products (since during
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Table 1.1: Some materials produced by SHS [Moore and Feng, 1995]
Borides CrB, HfB2, NbB, NbB2, TaB2, TiB, TiB2, LaB6,
MoB, MoB2, MoB4, Mo2B, WB, W2B5, WB4,
ZrB2, V B, V3B2, V B2
Carbides TiC, ZrC, HfC, NbC, SiC, Cr3C2, B4C,WC, TaC,
Ta2C, V C, Al4C, Mo2C
Nitrides Mg3N2, BN , AlN , SiN , Si3N4, TiN , ZrN , HfN ,
V N , NbN , Ta2N , TaN
Aluminides NiAl, CoAl, NbAl3
Silicides TiSi3, Ti5Si3, ZrSi, Zr5Si3,MoSi2, TaSi2, Nb5Si3,
NbSi2, WSi2, V5Si3
Hydrides TiH2, ZrH2, NbH2, CsH2, PrH2, IH2
Intermetallics NiAl, FeAl, NbGe, NbGe2, NiT i, CoTi, CuAl
Carbonitrides TiC − TiN , NbC −NbN , TaC − TaN , ZrC − ZrN
Cemented carbides TiC − Ni, TiC − (Ni,Mo), WC − Co, Cr3C2 −
(Ni,Mo)
Chalcogenides MgS, NbSe2, TaSe2, MoS2, MoSe2, WS2, WSe2
Binary compounds TiB2−MoB2, TiB2−CrB2, ZrB2−CrB2, TiC−WC,
TiN − ZrN , MoS2 −NbS2, WS2 −NbS2
Composites TiB2 − Al2O3, TiC − Al2O3, B4C − Al2O3, TiN −
Al2O3, TiC − TiB2, MoSi2 − Al2O3, MoB − Al2O3,
Cr2C3−Al2O3, 6V N − 5Al2O3, ZrO2−Al2O3− 2Nb
the reaction the products reach high temperatures, the combustion wave expels volatile impurities),
possibility to obtain metastable phases (due to high thermal gradients and cooling rates during re-
action) and, as referred before, the possibility to synthesize and densify at the same time [Munir
and Anselmi-Tamburini, 1989]. In powder processing, the main reaction parameters are: particle
size, stoichiometry of the base materials, green density, gas pressure, size of the pellets and ignition
mode [Mossino, 2004].
In order to become self-sustained, SHS materials must have an exothermic character and high
adiabatic reaction temperature. After applying a pulse of energy in one part of the specimen it will
initiate the reaction, enabling atomic mixing and releasing heat. If enough heat is provided to the
vicinity of the reaction starting point, it will become self-sustained and propagate [Weihs, 2014].
Heat of reaction and adiabatic reaction temperature of some material combinations are listed on
Table 1.2.
Not only through the reaction of two elements with high negative heat of reaction does SHS
occur. If a system has sufficient stored energy and is provided with an according ignition mechanism
it can also react. In thin film technology, the first rapid exothermic reaction observed was in
1978 [Wickersham et al., 1978], where an Impulse Stimulated Crystallization (ISC) transformation
(duration of ∼10−7 s and velocity 200 cm s−1) occurred, changing an (In,Ga)Sb amorphous film to
polycrystalline. The activation mechanism used was a stainless steel stylus and an Ar ion laser
(power density 37 W cm−2). Wickersham continued his study on this ISC transformation and, on
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Table 1.2: Thermodynamic data for selected formation reactions ( [Barin et al., 1977], [de Boer
et al., 1989] and [Picard et al., 2008a])
Reaction Heat of Reaction
Adiabatic
reaction
temperature
Phase of reaction product
[kJ mol−1] [◦C]
Ti + 2B −−→ TiB2 -108 2920 Solid & liquid
Zr + 2B −−→ ZrB2 -108 3000 Solid & liquid
Ti + C −−→ TiC -93 3067 Solid & liquid
5Ti + 3 Si −−→ Ti5Si3 -72 2120 Solid & liquid
Ti + Al −−→ TiAl -36 1227 Solid
5Nb + 3Si −−→ Nb5Si3 -57 2060 Solid
Zr + Al −−→ ZrAl -45 1480 Solid & liquid
Ni + Al −−→ NiAl -59 1639 Solid & liquid
Pd + Al −−→ PdAl -92 2380 Liquid
Pt + Al −−→ PtAl -100 2800 Liquid
Ti + Ni −−→ NiTi -34 1700 —–
Co + Al −−→ CoAl -60 1912 —–
a Ge amorphous thin film, he was able to establish that the minimum thin film thickness and
transformation temperature are inversely related (Equation 1.1) [Koba, 1982]. Equation 1.1 is the
first reference to a relation between the thickness of the thin film and the film thermal properties
and consequently the reaction.
TISC =
(
T ′ − Hc
cv
+ frHm
cv
)
+ El
cv
1
λ∗
(1.1)
1.2 Multilayers
According to IUPAC, a multilayer is “a system of adjacent layers or monolayers” [Minassian-
Saraga, 1994], therefore multilayers are structures composed of different films/foils of two different
materials that are stacked one on top of another, producing chemically distinct layers. These layers
can be produced through different techniques like physical vapour deposition (sputtering) or cold-
rolling by repeated rolling of layered composites [Ding et al., 2007]. Sputtering was the technique
utilized throughout the thesis because of various advantages such as perfect contact area between
layers, high purity of the deposited layers, amongst others, as well as experimental availability.
Sputtering is a non-thermal process where surface atoms are physically ejected from a solid
surface by momentum transfer, from an atomic-sized energetic bombarding, usually ions. Typically,
sputtering processes are used to deposit films with thicknesses in the range of a few to some
thousands of nanometer; they can also be used to form multilayer coatings with or without gradient
and even freestanding films [Mattox, 2010].
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Figure 1.1: Schematic top-view of a sputtering chamber with the rotating substrate holder method
Figure 1.1 depicts the typical set up used to deposit multilayer thin films, in which the substrate
holder is rotating, exposing the substrate alternatively to each target.
Innumerous materials have been produced by this method, among the Me1/Me2 pairs most
studied are: Ni/Ti [Ohta et al., 2000], Ni/Al [Ramos et al., 2009a], Ti/Al [Ramos et al., 2009a],
Ti/Si [Sisodia et al., 2006], Pd/Al [Dayal et al., 2009], Fe/Pt [Kaiser et al., 2008], Co/Al [Adams
et al., 2008], Si/Rh [Floro, 1986], Ni/Zr [Barron et al., 2011], Cu/Zr [Weihs et al., 1997], Ni/Si [Cook
et al., 2009] and Pt/Al [Lábár et al., 2001].
(a) Global view (b) Fe-Pt interface
Figure 1.2: High resolution TEM BF images of Fe-Pt multilayer annealed at 475 ◦C [Kaiser et al.,
2008]
Two individual layer thicknesses of distinct materials are typically in the range of 10 nm to
200 nm called modulation period, due to the fact that it repeats throughout the whole structure
(Figure 1.2a). One of the main factors for the quality of the multilayers, as energetic materials, is
the degree of intermixing that occurs during the deposition process. Figure 1.2b shows that there
is a zone between the two layers (Pt bright and Fe dark) where both materials coexist creating a
chemically gradient interface, instead of sharp interfaces. Also, if the multilayer period starts to
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get thin enough (≤10 nm), the interfaces will tend to exhibit coherent plane orientations in the
interface region, even if they have different crystal structures [Wei and Misra, 2010].
1.3 Reactive Multilayers
An SHS reaction in a multilayer thin film was first observed, in 1985, during the deposition of
alternating layers of Si/Rh (period around 60 nm to 70 nm) [Floro, 1986]. Some patents are also
registered about this subject, claiming properties and applications of reactive multilayers. One of
these patents, describes the multilayer structure, method of fabrication and how to calculate reac-
tion velocity [Weihs and Barbee, 1996]. Other patent claims the method for controlling multilayer
foil ignition, describing various methods for “transferring energy from an energy source to a reactive
multilayer foil” (in [van Heerden et al., 2005]).
Gachon et al., after depositing Ti/Al multilayers (5 nm to 70 nm), studied the SHS reaction
by slow heating rate (3 ◦C min−1) and fast heating rate (ignition sources: hot wire and spark
discharge). In both cases, the authors observed reaction, but the slow heating rates presented an
insignificant amount of the desired intermetallic phase. Nonetheless, the authors identified TiAl
and TiAl3 formation and a SHS starting temperature of 326 ◦C, which is lower than the one reported
for powder mixtures of similar composition, highlighting the role of the nanostructured multilayer
in the kinetics of reaction [Gachon et al., 2005]. The majority of bi-metal combinations present
in Table 1.2 have already been reported in the literature as reactive multilayers: Ti/Al [Ramos
et al., 2009a], Nb/Si [Reiss et al., 1999], Pt/Al [Adams et al., 2006b], Co/Al [Adams et al., 2008],
Ni/Ti [Picard et al., 2008b] and Ti/B [Makowiecki and Bionta, 1995]. SHS was also observed in
multilayer structures composed of rare-earth transition metal (Sc or Y) and a FCC metal (Au, Cu
or Ag) [McDonald et al., 2010].
In all the reactive multilayers reported in the literature, the heat of reaction is lower than
≈−30 kJ mol−1, leading to the conclusion that, for a multilayer system to self-propagate, the re-
action must generate (released energy) an enthalpy greater than the aforementioned value for the
reaction to be self-sustained [Weihs, 2014].
A clear relation can be established between the heat released during the reaction and the
reaction temperature (Figure 1.3) based on the values presented in Table 1.2. As the heat of
reaction decreases, the released energy increases and, therefore, the adiabatic reaction temperature
increases. The final temperature and heat of reaction are very important parameters for the use of
reactive multilayers.
In order to estimate the amount of energy available in the reaction, it is necessary to evaluate
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Figure 1.3: Heat of reaction vs. adiabatic reaction temperature for different metal binaries
the velocity of the wave front of the reaction. “In simplest terms, the speed at which a reaction can
propagate along a multilayer foil depends on how rapidly the atoms diffuse normal to the layering
and how rapidly heat is conducted along the length of the foil” (in [Weihs, 2014]).
Determining the reaction velocity and the reaction temperature requires knowing what is the
composition profile (C0(y)) along the multilayer height (y). If the layering is perfect, without the
presence of an intermixing zone, the composition profile for each element would be an alternating
integer of 1 or 0 (Figure 1.4a). Since the normal process for building the layered structure always
produces some kind of intermixing zone, it is necessary to establish a compositional profile similar
to the one presented in Figure 1.4b.
(a) Sharp interfaces (b) Profile with intermixing zone
Figure 1.4: Composition profiles [Mann et al., 1997]
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Starting from the atomic diffusion equations (1.2) and thermal diffusion (1.3):
dC
dt
− d
dx
(
D
dC
dx
)
= 0 (1.2)
cpρf
dT
dt
− cpρfαf d
2T
dx2
= dQ
dt
(1.3)
Armstrong [Armstrong, 1992] considered that heat losses to the environment are negligible and
that the final temperature was constant at Tf = T0 − (∆Hf )/(cpM). The author also considered
that the different layers were chemically distinct resulting in sharp steps between them (Figure
1.4a).
V 2x = 3
D0exp
(
−E
RTfi
)
RTfi
E αf
δ2
Tfi−T0
Tfi
(1.4)
Usually, the intermixing zone represents an amorphous region (corresponding to an exchange
of bonds A-A and B-B to A-B) that tends to decrease reaction velocity when compared to sharp
profiles [Weihs, 2014]. Therefore, it is necessary to reformulate the equation (1.4) to account both
the diminishing of the velocity and the gradient composition profile [Mann et al., 1997]:
V 2x =
D0exp
(
−E
RTfi
)
RTfi
E δ
Tfi−T0
Tfi
[ ∑
n=odd
kn
a3n
]−1
(1.5)
Where αn and kn are the Fourier eigenvalues:
αn =
npi
2δ (1.6)
kn =
1
2δ
∫ 2δ
−2δ
C0(y)sin(δny)dy (1.7)
In order to estimate the final temperature of the reaction it is necessary to take into account
the physical state of the reaction products. Equations 1.8 to 1.10 clearly represent the difference
between the physical state of the products with the term (∆Hm)/(cpρNa) that takes into account
the energy loss with melting.
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Remains completely solid Tfi = T0 − ∆Hf
cpρNa
1
δ
∫ δ
0
C0(y)dy (1.8)
Final product liquid and solid Tfi = Tm (1.9)
Product completely liquid Tfi = T0 −
(
∆Hm
cpρNa
)
−
(
∆Hf
cpρNa
)
1
δ
∫ δ
0
C0(y)dy (1.10)
Different studies have been carried out using experimental analyses to understand the influence
of the discussed parameters in the reaction. Adams et al. produced Ni/Ti multilayers with different
periods (between 26 nm to 500 nm) and observed that the reaction velocity varies (for period 25 nm
- 0.9 m s−1 and 500 nm – 0.2 m s−1), confirming a decrease in the velocity reaction with the increase
of the multilayer period. A frame-by-frame presentation of the reaction wave front propagation
is presented in Figure 1.5 [Adams et al., 2006a]. McDonald et al. observed similar behaviour in
Co/Al multilayers (period from 20 nm to 300 nm) where a decrease of the period represented an
increase in the reaction velocity [McDonald et al., 2009].
Figure 1.5: Evolution of the reaction (from left to right) of a Ni/Ti freestanding multilayer [Adams
et al., 2006a]
Other very important characteristic of reactive multilayers is the intermixing region as studied
by Gavens et al.. They deposited Ni/Al multilayers with a total thickness of 11µm (period of
12.5 nm, 25 nm, 50 nm, 100 nm and 200 nm) and submitted them to an annealing, during different
holding times (1.5 h, 6 h and 24 h), augmenting the intermixing zone with the increase in the
duration of the heat treatment. After measuring the reaction velocity for the different cases studied,
a decrease in the reaction velocity is observed due to an increase of the intermixing zone (more
clearly observable for short period samples) [Gavens et al., 2000].
Similarly in Ni/Al multilayers, Noro et al. conducted a study focussing on the structural
evolution with annealing temperature, using in situ high temperature XRD. The author deposited
Ni/Al multilayers with different periods (5 nm to 140 nm) for total thickness of 2∼2.5 µm that, after
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heating, reacted into B2-NiAl. Depending on the period, the samples presented different structural
evolutions [Noro et al., 2008]:
Λ =5 nm Al +Ni→ Al +Ni+B2−AlNi→ B2−NiAl
Λ =30 nm Al + Ni → Ni + NiAl3 → Ni + NiAl3 + B2 − NiAl →
B2−NiAl
Λ =140 nm Al + Ni → Al + Ni + NiAl3 → NiAl3 + Ni2Al3 + Ni →
Ni2Al3 +B2−NiAl→ B2−NiAl
Related work is reported by Ramos et al. [Ramos and Vieira, 2005] for Ti/Al multilayers, where
the period, besides influencing the reaction velocity, also has a role in the intermediate products
of the reaction. Despite the formation of intermediate compounds, in the end, all the reactions
presented the same products (B2-NiAl and TiAl) ( [Ramos and Vieira, 2005] and [Noro et al.,
2008]). These authors conducted structural evolution studies on Pd/Al multilayers thin films that
also presented a phase evolution that depends on the period. However, the final intermetallic
compound was always PdAl independently of the period [Ramos and Vieira, 2012].
Fritz et al. studied how the threshold for igniting Ni/Al multilayers (20 nm to 200 nm period)
would vary depending on the ignition mechanism, as well as period/intermixing thickness [Fritz
et al., 2013]. Utilizing pulses of electrical, mechanical and thermal energy; the authors observed
a clear influence of the technique employed on the ignition of the structure. The authors refer
that the main reason for the threshold variation is related to the different heat loss mechanisms
present in each ignition process, thus, emphasizing the role of the thermal balance in self-sustained
reactions.
1.4 Joining
Solid state diffusion bonding is a process by which two flat interfaces, subjected to pressure
and temperature during a pre-determined period of time, can be joined at a temperature around
50 % to 90 % of melting temperature of the base material(s). A filler material can be used between
the joining surfaces. This technique produces good quality joints and it is applied when trying to
avoid metallurgical problems that arise due to fusion welding. It is also used to produce parts with
homogeneous properties, along all thickness, as well as components with dimensions close to the
final products. As long as the process variables are adequately controlled, the mechanical properties
of the joints should be similar to the base materials. This process can be used for joining materials
that have distinct thermo physical properties [Simões, 2010].
Some advantages in using conventional solid-state diffusion, as joining, are as follows ( [Leyens
and Peters, 2003], [Lütjering and Williams, 2003], [Messler, 2008], [Zhou, 2008] and [Simões, 2010]):
Ni/Ti reactive multilayers for joining 13
Chapter 1. State of the art
1. Ability to produce high quality joints, without discontinuities, cracks and oxide inclusions;
2. Mechanical properties similar to base material;
3. No alteration of the base material properties;
4. Appropriate for dissimilar joints, where the base materials have very distinct thermal and
physical properties (hard to accomplish using other joining technologies);
5. Suitable to join components of high precision, because the dimensional tolerances are kept
constant;
6. Possibility to make several joints at the same time;
7. Green process;
8. Possible with automatic processing; a computer can control joint variables (time, temperature
and pressure);
9. Possible combinations with superplastic forming to produce components with very complex
geometries.
This technique also have some disadvantages [Simões, 2010]:
1. High temperatures and pressures may lead to localized microstructural changes;
2. Long processing time which can set aside mass production;
3. Component surfaces must have an excellent finishing;
4. The production of large components is limited by the size of the available equipment;
New joining strategies have been developed to overcome, essentially, the use of high temper-
atures and pressures for a long period of time, which eventually require post-processing thermal
treatments [Simões, 2010]. The strategy to overcome these disadvantages of solid-state diffusion
bonding is to use energetic freestanding thin films as filler materials. Therefore, it is possible to
use reactive multilayers as localized heat sources. Literature divides the use of reactive multilayers
for joining in two different methodologies:
• Reaction assisted diffusion bonding - the multilayers are used as an extra energy source
along with pressure and temperature, during diffusion bonding, increasing the diffusivity and
reactivity of the surfaces being joined;
• Reactive joining – only the multilayer structure provides heat to generate the joint.
Reactive multilayers can also be combined with a filler metal to improve the wettability between
the base materials and in this case they are used as a free-standing multilayer foil. One of the main
bi-metal systems studied for joining applications is Ni/Al due to its relatively and cheap high
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exothermal heat of reaction. Wang et al. characterized various parameters of the joints, utilizing
this bilayer system. Using Ni/Al free-standing foils (3:2 volume ratio, period between 25 nm to
90 nm and two different sets of total foil thickness – 16 µm to 58 µm and 50µm to 180 µm), different
solder (Au-Sn and Ag-Sn) and applying pressure; they were able to join stainless steel (316L) to Al
6061 alloy. The temperature of the bulk material to be joined using the multilayer strategy can be
numerically estimated (Figure 1.6). It is clear that a very small heat treated zone is present [Wang
et al., 2003].
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Figure 1.6: Temperature profile across the stainless steel joint obtained by numerical methods
[Wang et al., 2003]
When using reactive microcrystalline multilayers, thicker reactive foils could increase the avail-
able energy and, therefore, improve the strength of the joint. Nevertheless, when the total thick-
ness of the multilayers reached 40 µm, the strength of the stainless steel joints attain its maximum
(48 MPa), higher than conventional solder joints (38 MPa). According to the authors, this is due
to the refined Au-Sn solder microstructures that are developed during rapid cooling [Wang et al.,
2004a]. On Al joints, the authors observed that the critical total thickness of the filler is around
80 µm. They concluded that, for the Au-Sn solder layer, it needs to melt full thickness, during
0.5 µs, to ensure full wetting and establish strong joints for both materials to be joined [Wang
et al., 2005]. They also observed similar behaviour when studying the influence of applied pres-
sure. After attaining the critical point in applied pressure, the shear strength remains constant
and is determined by failure within the solder layers. The critical applied pressure varies depend-
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ing on: foil thickness, solder properties and the maximum temperature at the solder/component
interface [Wang et al., 2004b].
Related work was developed by Duckham et al. using the same structure of Ni/Al multilayers
and brazing alloy (total thickness from 107 µm to 340 µm). The author was able to join Ti6Al4V
parts and concluded that all the previous discussed factors are important in the joint strength
(reaction velocity, foil thickness and total heat), emphasizing the maximum temperature reached
by the foil, during the reaction, as critical in the success of the joint [Duckham et al., 2004]. In
this bi-metal system, Indium Corporation® is mass-producing Ni/Al reactive free-standing multi-
layers, named Nanofoil® , with 40 nm period and total thickness of 60µm [Indium®, 2014]. These
commercial available reactive multilayers combined with Au-Sn solder have been used successfully
to join Si wafers with good hermeticity, without any extra heat source [Qiu and Wang, 2008].
All the Ni/Al reactive multilayers presented above used a braze alloy to produce the joint.
Swiston et al. were able to join Zr57Ti5Cu20Ni8Al10 metallic glass samples using Ni/Al multilayers
(period 40 nm to 69 nm and total thickness of 87 µm to 274 µm), without any solder metal. The
studied joints presented a compressive shear strength over 480 MPa, mainly because when the
multilayer reacts, softening the glass, this allows the cracks to be filled and increases the fraction of
the bonded interface. Therefore, the area near to the surface of the substrate have a small influence
in the shear strength [Swiston et al., 2003].
Braeuer et al. utilized three multilayer systems with different periods (Ti/Al - 80 nm, Ti/a-Si -
75 nm and Pd/Al - 100 nm to 400 nm) and different thicknesses (≤5 µm) smaller than the ones used
in the joining processes described previously. The author was able to promote reactive joining,
at room temperature, initiated with an electric spark discharge (5 V) to bond Si wafers [Braeuer
et al., 2012]. In wafer surfaces a Si oxide film was thermally growth and, in one of the wafers, a
Ti/Au wetting layer was also deposited. Joining was established in ≤0.1 mm wide bands, and this
structure was created by wet etching pattern plating of Sn layers arrangements on the multilayers.
The authors stated that the feasibility of the bonds is due to the fact that the energy released,
by the reactive multilayer, is enough to melt the Sn layer from the patterning produced, which
promotes the joint.
Cao et al. produced sound joints using Ni/Al multilayers (20µm to 30 µm total thickness
and 900 nm period) without filler to join TiAl alloy (Ti − 48Al − 2Cr − 2Nb at.%), assisting the
process with a vacuum oven, besides the heat from the multilayer reaction. Sound joints were
produced for the minimum temperature of 900 ◦C, revealing an interfacial reaction phase between
the multilayers and the base materials, through the presence of Ti-Al-Ni compounds (Ni3(AlT i),
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Ni2(AlT i), Ni(Al2Ti) and Ni(AlT i)). The failure occurred between one of the reaction layers
(NiAl2Ti) and the TiAl base material for temperatures lower than 900 ◦C and some unbound
regions appeared [Cao et al., 2008].
Other bi-metal system extensively studied in the literature is Ti/Al, mainly due to the high
industry demand for sound joints between these two materials (titanium, aluminium and their
intermetallics). CEMUC has been a leading developer in using Ti/Al reactive multilayers in reaction
assisted diffusion bonding. Firstly, CEMUC researchers started by the characterization of the
kinetics of this reactive multilayer. Ramos et al. deposited Ti/Al multilayers (4 nm, 20 nm and
200 nm period) and, through DSC and XRD analysis, concluded that for smaller periods (4 nm
and 20 nm) the formation of disordered γ − TiAl occurred in a single step followed by an ordering
process. For thicker submicrometric periods (200 nm) it was preceded by the formation of an
intermediate phase of TiAl3 [Ramos and Vieira, 2005]. The same authors, after subjecting the
multilayers to different temperature cycles (600 ◦C, 800 ◦C and 1000 ◦C for 1 h and 3 h) observed
the same stable phase formation (γ − TiAl) and a decrease in hardness (from 11.9 GPa at 600 ◦C
1 h to 6.5 GPa for 1000 ◦C 3 h), due to the growth of the nanometric grains [Ramos et al., 2006].
With the bi-metal system (Ti/Al), Ramos et al. bonded titanium aluminide samples (Ti-45Al-
2Cr-2Nb at.%), without a braze metal, by reactive assisted diffusion bonding. The multilayer
structure had a total thickness of 2 ∼2.5 µm and a period of 4 nm. During bonding, two coated
substrates with nanomultilayers thin films were faced against each other and, using different tem-
peratures (600 ◦C to 1000 ◦C), were pressed at 50 MPa for 1 h. Bonding started to occur after
900 ◦C, and at 1000 ◦C the joint did not present any defects. The authors also identified a slight
decrease in the joint hardness with the temperature (10.18±1.07 GPa for 600 ◦C and 8.6±0.54 GPa
for 1000 ◦C), which was higher than the substrate (5.59±0.69 GPa) [Duarte et al., 2006]. Ni/Al
multilayers with periods ranging from 5 nm to 30 nm were also used to join TiAl alloys with each
other and with Inconel alloy 728. At 800 ◦C, with 5 MPa of applied pressure for 1 h, the smallest
period joint presented some porosity and cracks while the use of 14 nm period multilayers resulted
in sound joints [Ramos et al., 2009b].
The advantages of reactive multilayers over other joining techniques can be summarized as
follows [Raić et al., 2008]:
• Very fast bonding of similar or dissimilar materials without the use of protective/reactive
environment, if used in SHS mode;
• Bonds resistant to corrosion and degradation;
• Low stress bonds are formed;
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• Localized heating, resulting in a minimal thermal exposure of the joining parts;
• Since the multilayers are commonly metallic, the resulting joint will have high electrical/ther-
mal conductivity;
• Can even eliminate the use of the solder.
1.5 Femtosecond laser/sample interactions
Laser is an acronym for Light Amplification by Stimulated Emission of Radiation. The first
practical laser was created in 1960 by Maiman using a ruby crystal (chromium-doped sapphire)
as active medium [Maiman, 1960]. A laser essentially produces a high intensity beam of coherent,
low divergence, monochromatic electromagnetic radiation. By appropriate choice of the emitting
medium, wavelengths ranging from x-rays to the infrared can be generated [Dahotre and Harimkar,
2008].
Since its discovery, innumerous developments enabled laser technology to be extremely versatile,
resulting in a wide range of laser types. Generally, they are categorized according to the active
medium, wavelength and functioning regime. In what concerns the physical state of the active
medium, lasers can be classified as solid-state (e.g., Nd3+ : Y AG, Er3+ : Y AG, Y b3+ : Y AG, ruby
(Cr3+ : Al2O3), titanium sapphire(Ti3+ : Al2O3), alexandrite (Cr3+ : BeAl2O4), etc.), gas (CO,
CO2, excimer, etc.) and dye lasers (liquid solutions of dyes). A rather special case is lasers where
the active material consists of free electrons, at relativistic velocities, passing through a spatially
periodic magnetic field - free-electron lasers [Steen et al., 2003]. The laser radiation wavelength
can vary in the range from 10−12 m to a few microns (≈10−5 m), allowing the classification of lasers
in the following classes: x-ray, UV, Visible and IR lasers. One of the most important parameters
controlling the nature of the interaction between laser beams and materials is the interaction time.
Lasers can work in continuous mode (continuous wave laser - CW) or in pulsed mode. Pulsed
lasers are available in the market with a wide range of pulse durations: long (≥ than 10−3 s),
short (between 10−3 s and 10−9 s) and ultrashort (from picoseconds - 10−12 s – to some dozens
of femtoseconds - 10−15 s). Regarding the output power, laser beams can cover a wide range of
powers. For CW lasers, it ranges from a few mW (typically used for signal sources) to tens of kW
(for materials processing) and even to few MW (≈5 MW so far for military applications). In the
pulsed mode, lasers can reach instantaneous powers as high as 1 PW (1015 W) for a short period of
time [Svelto and Hanna, 2010].
The fact that lasers can provide such a wide range of operating parameters has advantages and
disadvantages as well. This wide range of parameters offers versatility to work in different fields of
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research, where each application takes advantage of a specific property of laser radiation, making
lasers an important technological landmark (10 Nobel Prizes winners are related to laser technology
investigation [Hecht, 2010]). On the other hand, in what concerns industrial applications, this wide
variety of devices and systems can be an obstacle to mass production and its associated price
reduction [Svelto and Hanna, 2010].
Probably the most interesting application of lasers in materials engineering is the highly con-
centrated energy for mass production processes such as cutting, welding and surface treatment
(surface melting, alloying and cladding). They are also used in surface hardening, direct metal de-
position, machining, microlithography, stereolithography, bending, texturing, cleaning, engraving
and marking. As a more esoteric application, lasers can be used as heat source for shooting down
rockets [Steen et al., 2003].
When using lasers as a heat source, it is important to know the energy intensity in the laser-
material interaction. For example, if the beam from a 2 kW CO2 laser is focused to a beam
spot size of 0.2 mm (typical value for this kind of laser) the power density is then (2000/pi ∗
(0.2)2) =0.6105 W mm−2, which is a comparable value to an electric arc discharge (5−500 W mm−2).
In a nanosecond 0.3 J laser energy pulse, one can reach a power density of 1012-1014 W mm−2. This
power density is enough to evaporate any material, enabling lasers to be one of the most flexible
and easily automated industrial energy source [Steen et al., 2003].
In order to understand the effect of a laser beam on a material, energy transfer between the
laser beam and the material, as well as the heat transport within the material, must be considered.
For a stationary laser beam with constant power density, considering that: the material thermo
physical properties are temperature independent, the solid is semi-infinite, the system is adiabatic
and the heat flow is unidimensional, using Fourier’s second law, the temperature profile is described
by [Rosenthal, 1941]:
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The error function (erf(u)) can be approximated by a polynomial with low error (1.14)(|ε(u) ≤
2.5 × 10−5|), where b = (1 + cu)−1, a1 = 0.3480242, a2 = −0.0958798, a3 = 0.7478556 and
c = 0.47047 [Abramowitz and Stegun, 1972].
erf(u) = 1− (a1b+ a2b2 + a3b3)e−u2 (1.14)
Equations 1.11−1.14 allow to estimate the temperature within the material, during (1.11) and
after (1.12) the laser pulse, as well as the temperature profile in the heat affected zone, based on
the laser beam characteristics (power, spot size, pulse duration) and material properties (thermal
diffusivity, thermal conductivity). The equations presented also show the influence of the materials
reflectivity in the absorbed energy.
With a proper combination between laser beam and lens characteristics, it is possible to focus
the beam onto small areas. This focused laser beam energy can be concentrated in short duration
pulses, resulting in power densities that are sufficiently high to cause rapid heating, leading to
surface evaporation. The process of material removal from a solid is called laser ablation, and is
now widely used both for the deposition and patterning of thin films [Lunney and Jordan, 1998],
for micromachining and for medical applications [Plamann et al., 2010]. The ablation mechanism
depends on the physical properties of materials, laser parameters and environmental conditions.
One of the characteristics of ultrashort laser-material interaction is that it usually results in a very
reduced heat affected zone, when compared to longer pulsed lasers or CW [Semerok et al., 1999].
In order to ignite reactive nanomultilayers, Picard et al. stated that laser fluence must be slightly
higher than typical ablation threshold for metals [Picard et al., 2006]. This is the reason why it is
very important to understand how the ablation regime works.
Laser ablation can be divided in three distinct cases, considering the pulse duration [Steen et al.,
2003]:
1. Case 1 - Long pulses compared with the electron cooling time and the lattice heating time
(more than 1 µs). In this case, equations 1.11−1.14 can be used to estimate the temperature
for which the sample reaches the ablation threshold;
2. Case 2 - Short pulses for which thermal equilibrium is still maintained, but heat loss is
mainly due to evaporation (less than 1 ns);
3. Case 3 - Ultrashort pulses, where the pulses duration is short compared to the structure’s
relaxation times. This leads to thermal non-equilibrium heating (the electrons and the lattice
have different temperatures), direct evaporation and Coulomb effects (less than 1 ps).
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Table 1.3: Ablation efficiency (AE) in 103 µm J−3 [Semerok et al., 1999]
Target Nd-YAH Nd-YAG Ti−Al2O3
Target Nanosecond laser Picosecond laser Femtosecond laser
λ[nm] 532 266 1064 532 266 400
d [µm] 8 8 20 9.5 6.5 16
Al 0.124 0.293 0.010 0.040 0.057 0.204
Cu 0.031 0.065 0.004 0.009 0.028 0.050
Fe 0.015 0.031 0.0045 0.004 0.006
Ni 0.006 0.007 0.009
Pb 0.186 0.457 0.020 0.125 0.213
Mo 0.003 0.007 0.005 0.012
Since the main objective of using lasers is to have the smallest possible heat affected zone, the
shorter the pulse duration, the least heat is transferred to the material. For pulses longer than
100 ps, the surface temperature is determined by the thermal diffusivity of the material and, hence,
the ablation occurs in thermal equilibrium conditions (Case 1). The ablation threshold increases
with the pulse duration, according to the relation Fthr ∝ t1/2p . For ultrashort pulses, ablation
occurs in non-equilibrium conditions, because the pulse duration is shorter than both the electron-
to-lattice energy transfer time, which is in the order of 1 ps to 10 ps (e.g. copper ≈ 7× 10−12 s), as
well as the electron heat conduction time (e.g. for copper ≈ 45× 10−12 s [Eason et al., 2007]). The
electrons cool-down due to energy transfer to the lattice, mainly by collision. In this regime the
ablation threshold becomes independent of the pulse duration (Case 3). However, experimentally,
the transition observed, between the ablation threshold expected for the non-thermal and thermal
equilibrium regimes, occurs at unexpectedly large pulse durations, for example, up to 100 ps in gold.
This indicates that for some reason which is not yet fully understood, the thermal mechanism does
not contribute to the ablation rate at fluences near the ablation threshold, as might be expected,
even when the pulse width is up to ten times longer than the electron-lattice equilibrium time (Case
1) [Gamaly et al., 2005].
Semerok et al. conducted an experimental study to determine the ablation efficiency for different
pulse duration (nanosecond, picosecond and femtosecond), radiation wavelengths and different
materials [Semerok et al., 1999]. The authors defined the ablation efficiency as a ratio between
the ablated matter volume and the laser pulse energy. The results observed for different metals
are summarized in Table 1.3. The best efficiency was observed for femtosecond lasers. For pulse
durations larger than the typical relaxation time, the ablation rate is proportional to the pulse
duration. For nanosecond and picosecond laser pulses, the ablation efficiency is higher for lower
reflectivity [Semerok et al., 1999].
Some theoretical work was also conducted in order to understand the interaction between fem-
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tosecond laser pulses and materials [Mannion et al., 2003]. This analysis is generally based on the
so-called two temperature models, which allow calculations: the electron temperature (Equation
1.15) and, separately the lattice temperature (Equation 1.16), which result from energy transferred
from the electrons to the lattice at a time scale that is larger than the pulse duration, i.e. after the
laser pulse [Chichkov et al., 1996]:
Te(τlaser) ≈
(2φaα
C ′e
)1/2
exp(−z/δ) (1.15)
Ti ≈ T 2e (τlaser)
C ′e
2Ci
≈ φaα
Ci
exp(−αz) (1.16)
In these equations Te = Iaτlaser and the optical depth δ = 2/α. For low peak laser fluences
(φ0 ≤1 J cm−2), the depth of the ablated material will therefore be described by:
L ≈ α−1ln(φ0/φth) (1.17)
This analysis reveals that, due to the reduced pulse duration, the ablation can be considered
as a direct solid-vapour transformation, resulting in a timescale for the lattice to be heated in
the picoseconds magnitude. Theoretical observations confirm what was reported experimentally:
since the energy transferred that is absorbed by the electrons and the lattice is very localized (in
the range of the optical penetration depth - δ), the solid-vapour transformation will result in an
ablation expansion and the energy will be transferred with the ablated material.
As the laser pulse irradiates the sample surface sequentially, in the same location, the damage
caused by the preceding pulse will alter the materials (even though, for the femtosecond regime the
damage will be only in the optical penetration depth), changing the ablation threshold. Mannion
et al. was able to relate the ablation threshold with the number of pulses through an intrinsic
materials property (the incubation factor -S), as exposed in Equation 1.18( [Mannion et al., 2004]
and [Cangueiro et al., 2012]). This equation reveals that as the number of pulses increases the
ablation threshold decreases and, consequently, it will be “easier” to induce ablation on the material.
φth(N) = φth(1)NS−1 (1.18)
Up to now, only a few groups studied the ignition of multilayer structures, using short pulsed
lasers. Picard et al. were able to activate free-standing Co/Al, Ni/Ti and Pt/Al multilayers, with
different periods, using a single 30 ns pulse of KrF excimer laser radiation (248 nm wavelength
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and 8 µm diameter spot size). The authors were able to relate the reaction enthalpy, the ignition
fluence necessary to ignite the multilayer and the reaction speed. The ignition fluences reported
were 7.5−15 J mm−2 for Ni/Ti, 0.086−3.8 J mm−2 for Co/Al and 0.032−0.27 J mm−2 for Pt/Al,
establishing an inverse relationship between the energy required to start the reaction (activation
energy) and the heat of reaction (released energy). They also concluded that the bilayer period
and the thickness of the premixed layer affects the reaction [Picard et al., 2008b].
The application of ultra short laser pulses, to ignite multilayer systems, was investigated by the
same group [Picard et al., 2006], using one of the most energetic multilayer systems, Pt/Al (∆Hr =
−100 kJ mol−1 - Table 1.2), and a Ti:sapphire 120 fs pulsed laser (8 µm diameter spot size) for the
ignition. They concluded that the ignition threshold increases with the multilayer period, varying
between 0.009−0.22 J mm−2 for 32.5 nm to 97.5 nm.
Several authors reported the formation of structures in the surface of the samples when irradi-
ating with ultra-short laser pulses. These structures, parallel ripples with periodicity smaller than
the radiation wavelength, are commonly denominated as Laser-induced Periodic Surface Structures
(LIPSS). The first observation of these structures can be reported to 1965 by Birnbaum who iden-
tified “parallel straight lines” after irradiated high-purity germanium, silicon, GaAs, GaSb, InSb,
and InAs single crystals, using a ruby laser (λlaser =694.3 nm) [Birnbaum, 1965]. In the meantime,
other types of materials have been used (metals, dielectrics and other semiconductors) to under-
stand the LIPSS formation process ( [Siegman and Fauchet, 1986] and [Bonse et al., 2012]). While
the depth and periodicity of the ripples change with the material’s proprieties, laser wavelength
and fluence, number of pulses or incidence angle; their orientation depends on the beam polariza-
tion [Vorobyev and Guo, 2013]. Typically, these structures are categorized according to their period
(ΛLIPSS), in two different groups: Low Spatial Frequency LIPSS (LSFLs), with a periodicity close
to the radiation wavelength (ΛLIPSS ≈ λlaser) and High Spatial Frequency LIPSS (HSFLs), with
a period much smaller than the wavelength (ΛLIPSS  λlaser) [Vorobyev and Guo, 2013]. Figure
1.7 exhibits LSFL (Figure 1.7a) and HSFL (Figure 1.7b) produced on a TiO2, sample using the
same 40 fs laser, but with different processing parameters [Kumar et al., 2010].
In metals and semiconductors, it is possible to obtain LSFLs with the period close to the laser
wavelength, using linearly polarized light, exhibiting an orientation normal to the beam polarization
[Vorobyev and Guo, 2013]. For most cases, to produce the LSFLs it is necessary to use a fluence
slightly above the ablation threshold and with only a few dozen of laser pulses. One of the first
proposed theories for the formation of this structures was defended by Sipe et al. [Sipe et al., 1983].
This author stated that LSFL result from the interference between the incident laser wave with
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(a) LSFL (E =270 µJ, ν =0.5 mm s−1) (b) HSFL (E =153 µJ, ν =0.05 mm s−1)
Figure 1.7: SEM images of different types of LIPSS structures produced on TiO2 using a 40 fs
Ti:sapphire laser (λ =400 nm) [Kumar et al., 2010]
the surface wave, at the micrometic surface roughness, including the excitation of surface plasmon
polaritons (SPPs) [Sipe et al., 1983]. Recently, Bonse et al, confirmed that the LSFL origin is due
to defects initiated by SPPs excitation, interfering with the incident laser beam and, therefore,
modulating the energy deposition [Bonse et al., 2009]. Even for single pulse experiments, the SPPs
will act as seeds for a subsequent growth phase. Garrelie et al. was able to relate the ripples
formation with the SPPs excitation. The author believes that the LSFLs formation is due to metal
grating coupling, after irradiating metallic surfaces with different grating spatial frequencies, until
the SPPs wave vectors are matched [Garrelie et al., 2011]. The patterns produced are not entirely
regular, exhibiting bifurcations and period variation, explained by Reif et al., based on surface
relaxation by self-organization, similar to hydrodynamic instabilities of thin liquid films [Reif et al.,
2011]. As for HSFL LIPSS, their nature is not yet clear and different authors suggested different
possible mechanisms of formation: interference effects along with transient changes in the optical
properties during laser irradiation ( [Wu et al., 2003] and [Miyaji and Miyazaki, 2008]), second
harmonic generation [Borowiec and Haugen, 2003], excitation of SPPs [Wu et al., 2003] or self-
organization [Reif et al., 2002].
Some exploratory work on the production of these structures, in metallic nanomultilayers, was
already conducted by Petrović and Peruško ( [Peruško et al., 2012] and [Petrović et al., 2013b]).
These authors were able to produce LIPSS in Ni/Ti and Ti/Al multilayers, utilizing a picosecond
laser (Nd:YAG laser - 1064 nm with τlaser =150 ps, f =10 Hz and N =60). For both multilayer
systems, the final phase of the reaction (NiTi and TiAl) was detected, but the reaction was not
complete throughout the multilayer. These authors also produced LIPSS using a femtosecond laser
(Ti:Sapphire laser - 800 nm with τlaser =40 fs and a f =1 kHz), identifying the formation of both
LSFL and HSFL [Petrović et al., 2013a]. In the low fluence regions, HSFL with similar periods
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for both Ti/Al and Ni/Ti system were identified (ΛLIPSS =155 nm), while, in the zones irradiated
with higher fluence, the LSFL exhibited different periodicities, depending on the system (Ti/Al -
ΛLIPSS =730 nm and Ni/Ti - ΛLIPSS =590 nm).
Ni/Ti reactive multilayers for joining 25
Chapter 1. State of the art
26 Ni/Ti reactive multilayers for joining
Chapter 2
Experimental Details
The present chapter describes the deposition set up used to produce the nanolayers of Ni/Ti.
Secondly, the techniques used to characterize the as-deposited thin films are described. Afterwards,
the equipments utilized to evaluate the phase evolution with temperature/pressure are summarized,
as well as the setups used for joining purposes. Finally, femtosecond laser apparatus and the
methodology applied to study the interaction laser/multilayer is reported.
2.1 Ni/Ti multilayers preparation
A semi-industrial DC magnetron sputtering equipment, developed by Hartec in partnership
with CEMUC, was operated to build the nanolayered structure (Figure 2.1). This equipment
can sputter from two different targets. Rotating the substrate holder to expose, alternately, the
substrate’s surface to each target, led to the production of the layered structure (Figure 2.1b).
By controlling the rotation speed of the substrate holder, it is possible to increase/decrease the
exposure time of the substrates to the sputtered atoms from each target, making it easy to control
individual bilayer thickness and, consequently, the period of the Ni/Ti multilayer thin films.
Nickel and titanium high purity sputtering targets (99.99 %) were acquired to Goodfellow Cam-
bridge Lda.. Nickel is a material that exhibits ferromagnetic properties at room temperature,
meaning that the magnetic field from the target interferes with the magnetron’s magnetic field,
contributing to extinguish the plasma [Wasa et al., 2004]. In order to reduce the importance of the
target’s magnetic field, it was necessary to reduce the thickness of the Ni target (0.5 mm), while
the titanium target had 5 mm.
While aiming to remove the heat generated during the sputtering process, a relatively large bulk
copper substrate holder was used to work as a heat sink, during deposition. The substrate holder is
in contact with the chamber, but since it was necessary to apply a bias to the substrate to improve
Ni/Ti reactive multilayers for joining 27
Chapter 2. Experimental Details
(a) Overview (b) Chamber inside
Figure 2.1: Magnetron sputtering equipment (Hartec); 1) Control panel, 2) Sputtering chamber,
3) Vacuum system, 4) Ion gun, 5) 1st cathode, 6) 2nd cathode, 7) Substrate holder
the thin film density and the adhesion to the substrate, thermal/electric insulators were utilized,
preventing the formation of a proper heat flux between the substrate holder and the chamber. In
this case, the substrate holder represents a quasi-static thermodynamic system and, after some
time, it is not capable to retain any more heat, limiting the total thickness of the layered film. This
is crucial to avoid interdiffusion between the layers and guarantees that its energetic character is
maintained. From past experiments using the Ni/Al system in this equipment (e.g. [Noro et al.,
2008], [Ramos et al., 2009a]) a thickness ≈ 2.5 µm was found adequate to minimize the intermixing
thickness and avoid the reaction (this matter will be discussed later in the thesis).
The goal behind Ni/Ti reactive multilayers is to attain, after reaction, an equiatomic inter-
metallic compound (NiTi) thus, it is necessary to have an equiatomic overall chemical composition
on the layered system. For this, it is required to take into account the sputtering yield rate of
each target (Ar+ @300 eV Ti - 0.33 eV and Ni - 0.95 eV [Laegreid and Wehner, 1961]) and the final
tNi/tT i thickness ratio (Equation 2.1).
NT i = NNi ⇔ ρNiVNi
MNi
= ρT iVT i
MT i
⇔ VNi = ρT iMNi
ρNiMTi
VT i
⇔ VNi = 4.54× 58.698.9× 47.88 ⇔ VNi = 0.62VT i ⇒
tNi
tT i
= 0.62 (2.1)
The overall chemical composition was optimized using two sputtering parameters: the target-
to-substrate distance and the power density of each target. The power density selected was
2.5× 10−2 W mm−2 and 5.1× 10−2 W mm−2 for the Ni and Ti targets, respectively 1.
1The evaluation of the overall chemical composition was conducted using Electron Probe Micro Analysis (EPMA)
technique for the shorter periods (Λ ≤12 nm), since for higher periods the individual layers are too thick to consider
that the thin film’s analysed volume is homogeneous. Further characterization details can be found in Section 2.2
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All depositions started with a titanium layer and finished with a nickel layer, except the depo-
sitions for Ni diffusion study. Titanium displays good adhesion to several metal substrates due to
enormous affinity of this element to oxygen, particularly at the temperature of adatoms deposition.
The last nickel layer takes advantage of its high oxidation resistance.
After placing the substrates and pumping down the chamber (vacuum better than 5× 10−4 Pa),
Ar was introduced and an ion gun was used to heat and sputter/etch the substrates surface and
promote some degasification. The current of the ion gun’s tungsten filament was initiated and an
increasing voltage was applied to the substrates’ holder (10 V min−1 up to a value of 50 V). The
positive bias applied to the holder repulsed the ions and attracted the ejected electrons from the
filament, towards the substrates. Afterwards, the voltage was switched to −40 V accelerating the
Ar+ plasma ions towards the substrate’s surface and, therefore, for a short duration, etching the
outermost surface layers. This procedure guarantees that a “fresh” surface is exposed, prior to
deposition, since all the process was conducted in vacuum and the sputtering process was started
immediately after. During the deposition, the ion gun was switched off, but a −40 V bias was
maintained in the substrates, guaranteeing higher energy of the sputtered adatoms, improving the
adhesion and increasing the film density [Carvalho, 1990].
The selected substrates were NiTi, Ti6Al4V and 316L stainless steel sheets with 2 mm thickness
from Goodfellow Cambridge Lda. which were cut with the desired size (≈10×10 mm2). Cylindrical
austenitic NiTi (Nimesis Technology) and Ti6Al4V substrates were individually prepared from
5 mm diameter rods with ≈ 5 mm height for the joining tests. Si (111) was used to evaluate total
thickness of the multilayer thin film.
Standard metallography procedures were employed on the substrates, preparing their surfaces
for the sputtering process, until a mirror-like surface was attained. Prior to placing the substrates
in the deposition chamber, they were rinsed in acetone, alcohol and deionized water, sequentially
in a ultrasound cleaner, and then fixed with coloidal silver paint onto the Cu substrates’ holder.
After measuring the total thickness of the film , since the rotation speed and deposition time
were known, it was possible to estimate the modulation period (Λ) using Equation 2.2. Throughout
the thesis, Ni/Ti multilayers with 5, 12, 25 and 75 nm periods were produced varying the substrates’
rotation speed.
Λ ≈ t× 10
3
d× s (2.2)
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2.2 Characterization techniques
Instead of describing, in detail, all the characterization techniques, the option was to summa-
rize them (Table 2.1), adding the most important experimental parameters. Besides the typical
material characterization techniques, the opportunity to conduct different in situ synchrotron ex-
periments, was extremely important. Due to the unconventional character of this technique, a
detailed description will be carried out (in situ synchrotron characterization).
Table 2.1: Summary of experimental techniques and equipments as function of characteristics to
be evaluated
Characteristics Technique Equipment
Morphology SEM Fei Quanta 400 FEG
Surface topography AFM Bruker Innova
Chemical composition /mapping EPMA Cameca SX50
Nanomorphology TEM Tecnai G2 F20
Nanohardness Nanoindentation Micro Materials
Phasic composition X-ray Diffraction PANalytical X’Pert PRO µ-diff-ractometer (λ =0.1541 nm)
Phase evolution Hot x-ray diffraction Philips X’Pert (λ =0.1789 nm)
TEM sample preparation FIB Quanta Dual Beam
In order to observe the multilayer thin films’ cross-section morphology by Scanning Electron
Microscopy (SEM) technique, it was necessary to fracture the coated substrates in a way that the
single layers of the multilayer thin film remained undamaged prior to the analysis. A groove in the
sample’s back, with depth close to the substrate thickness, enables to easily fracture the multilayer
zone using a mechanical shock. SEM and EPMA equipment were operated at 15 kV. Using this
energy, the EPMA interacted volume does not reach the substrate, integrating only the multilayer
thin film’s thickness. Atomic Force Microscopy (AFM) surface topography was preformed, in
tapping mode, with a Brukers TESP tip [Bruker, 2014].
The crystal structure of the thin films was evaluated using two different conventional x-ray
sources. While the characterization of the as-deposited multilayers was done using a diffractometer
equipped with a Cu Kα (λ =1.542Å) anti-cathode, for heat treatment experiments a Co Kα source
was utilized (λ =1.790Å). Both diffractometers use Bragg-Brentano geometry. A hot platinum
sample holder, enclosed in a vacuum chamber with an argon pressure of around ≈0.6 Pa, was used
for high temperature experiments. In situ XRD experiments were carried out from 200 ◦C up to
600 ◦C, using 50 ◦C temperature steps to reach each of the selected temperatures. A heating rate
of 40 ◦C min−1 was employed and an isothermal scan was conducted after a 10 min stabilization
period. When the thermal cycle was complete, the specimen was cooled down to room temperature
(60 ◦C min−1) and a final x-ray scan was performed. Diffraction data was acquired from 2θ=30° to
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80° with a step of 0.03° and an acquisition time of 1 s, resulting in a scan duration of ≈30 min.
The distribution of hardness, across the bond zone, was evaluated by nanoidentation technique,
using a Berkovich indenter with an area function obtained previously using a standard of fused
silica. The depth-load curves were acquired for a maximum load of 1.5 mN, with a dwell time of 5 s
at 10 % of unloading for thermal drift correction. A matrix of 15×6 indentations was made in the
bond zone and, afterwards, SEM was utilized to pin point the position of each indentation. Each
column was separated by 2 µm and each row by 4 µm, which is the minimal lateral displacement in
order to avoid load interaction between indentations (max depth ≈ 100 nm).
One of the most important tasks was the preparation of the samples, in particular in what
concerns the TEM analysis. Because of the difference between Ni and Ti sputtering yield rates, ion
milling of the multilayers cross-section is not suitable, since it induces irregular thinning. Also, it is
very difficult to prepare TEM cross-section samples of nanomultilayers. Therefore TEM thin foils
had to be prepared using Focused Ion Beam (FIB) technology. The multilayer surface was coated
with a layer of carbon allowing it to be separated from the platinum masking bar. Side trenches
around the platinum bar were cut with 7 nA Ga+. After removing the thin foil from the surface
and welding it to a copper grid, a final polishing with 1, 0.5, 0.3 and 0.1 nA Ga+ was conducted.
The unconventional characterization technique used in this study, as stated before, was syn-
chrotron radiation diffraction. Synchrotron radiation facilities allow high quality x-ray diffraction
experiments to be conducted with high flexibility, making this technique excellent for in situ charac-
terization. During the thesis period it was possible to perform in situ characterization experiments
in two different beamlines that pertain to two different synchrotrons:
ESRF - BM20 at the European Synchrotron Radiation Facility (ESRF);
DESY - P07b at the Deutsches Elektronen-Synchrotron (DESY).
Each selected beamline has different fundamental characteristics. Besides the beam energy,
another major difference is related to the possible configurations that can be employed in each of
them. While BM20, which is a beamline with low energy, is primarily dedicated to θ− 2θ/GIXRD
material characterization, P07b beamline is a high energy beamline, enabling x-ray diffraction in
transmission mode. BM20, due to the high resolution, was used to study in situ phase evolution
of the Ni/Ti multilayer thin films, while P07b provided the means to describe in transmission the
in situ phase evolution, during the RADB joining process.
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Low energy beamline
The Rossendorf Collaborating Research Group beamline (ROBL-CRG) is located at the bending
magnet BM20 at the ESRF and is owned and operated by Helmholtz-Zentrum Dresden Rossendorf
(HZDR, Germany). An horizontal fan of 2.8 mrad of synchrotron radiation from a bending magnet
hard edge was designed to perform experiments on two different alternatively running experimental
stations ( [Matz et al., 1999] and [Martins, 2008]). One is dedicated to x-ray absorption spectroscopy
for environmental chemistry of radionuclides (Radiochemistry hutch - RCH) while the other exper-
imental station is dedicated for x-ray diffraction and reflectivity, committed to materials science
(Materials Research Hutch - MRH - Figure 2.2).
Figure 2.2: General layout of ROBL beamline (BM20)
Both experimental hutches share the same optics that use a fixed-exit double crystal Si mono-
chromator, located between two mirrors, monochromatizing the x-ray beam to λ =0.1078 nm
(11.5 keV). In this energy range, and using this mirror configuration, the energy resolution is around
2× 10−4 keV with a calculated integrated flux close to the maximum (≈0.5× 1011 photons s−1),
providing a high resolution/brilliance beam.
(a) Hutch Overview (b) Furnace detail
Figure 2.3: ESRF hutch overview and detail of the oven
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For in situ phase evolution, during annealing of Ni/Ti multilayer thin films, the MRH hutch
provides the required experimental apparatus for the desired analysis. In this hutch, a heavy duty
six-circle goniometer (Huber) allows for the assembly of different experimental chambers, while
maintaining high flexibility in possible experimental/characterization procedures [HUBER, 2014].
A 400 mm inner diameter and a maximum load of 15 kg allows the usage of relatively large and
heavy chambers, without major difficulties (e.g. a high temperature chamber or even a magnetron
sputtering chamber). The goniometer axes are controlled using stepping motors and gear boxes
with high accuracy (minimum angular step - 0.0001°, z-translation - 1 µm and x,y axis - 10 µm). In
the MRS control station, it is possible to manipulate all equipments using SPEC code developed
by the ESRF [Swislow, 1996]. At the end of the diffractometer arm, a MYTHEN 1D detector,
developed by DECTRIS®, was placed [Dectris, 2014]. This detector is made of a single row of 1280
channels with small dimensions (50×8000 µm2). A 60 cm distance between the detector and the
sample will correspond to an angular aperture for each channel of arctan(50× 10−6/60× 10−2) =
0.00477°.
In order to follow in situ the Ni/Ti nanomultilayer film evolution, the heat chamber was as-
sembled in the diffractometer (Figure 2.3b). This chamber can attain a Tmax of 900 ◦C, within
a stainless steel dome, with air-cooled Kapton windows, letting the incoming synchrotron beam
and diffracted beams pass. This configuration allows experiments to be carried out in secondary
vacuum. The furnace temperature was controlled using two thermocouples, one that was placed un-
derneath the alumina sample holder (which controlled the furnace), and another thermocouple that
was placed in the sample surface. The various substrate materials utilized have different thermal
properties and had different volumes (due to differences in their preparation), resulting in a thermal
inertia difference between them. The different thermal inertias led to a temperature discrepancy
between the surface temperature and the oven and, this difference varies between each sample. As
a consequence, even though the selected thermal cycle was the same, the temperature to which the
multilayer thin film (surface thermocouple) was subjected was different. Therefore, throughout the
thesis, to facilitate the thermal analysis, the temperature measured at the multilayer’s surface was
selected, since it is the most important.
The x-ray detector was utilized in two different configurations to evaluate in situ the Ni/Ti
multilayers structural evolution:
• Scanning mode - Typical usage of an 1D detector, where the vertical set of pixels is being
scanned through the vertical diffraction position, integrating each position with the corre-
sponding pixel;
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• Static mode - In this case the detector is placed at a fixed 2θ position, where each pixel
will correspond to a 2θ. The 1280 vertical pixels correspond to a ∆2θ of ≈3.898°. Using
an acquisition time of 0.5 s, and adding ≈0.9 s to transfer/save the data, it is possible to
accumulate scans, consistently, each ≈1.4 s as the pre-defined thermal cycle evolves.
High Energy Beamline
During RADB process, in situ phase characterization was conducted in the high energy materi-
als science beamline, at Petra III (P07b) in the Deutsches Elektronen-Synchrotron (DESY), located
at Hamburg, Germany. This beamline is operated by HZG (Helmholtz-Zentrum Geesthacht, Centre
for Materials and Coastal Research), dedicating some of the available beamtime to HZG external
experiments. Synchrotron light is produced in a 4.5 m long in-vacuum undulator source (U19-5),
located in a position optimized for full tunability, from 50 keV to 200 keV. Optics’ hutch are com-
posed of a water-cooled bent Si(111) Laue crystal (40° asymmetric cut) in a fixed exit geometry
(horizontal deviation 21 mm). A multilayer filter box, inside the ring tunnel, cuts out the low-energy
harmonics [Schell et al., 2010]. During the experiments, two different energies were used 80 keV and
99 keV, and for this energy level, the hard x-rays have large penetration length, enabling diffraction
analysis in transmission mode. This beam has sufficient penetration to acquire diffraction results
from transmitted photons, even using 5 mm diameter metal samples.
Figure 2.4: Petra III P07b beamline layout
The beamline is constituted by four experimental hutches (Figure 2.4) each one including dif-
ferent characterization techniques and in situ experimental specifications. The joining experiments
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were carried out in a dilatometer (Bähr), located in Experimental Hutch 3 (EH3), which is the
hutch prepared for in situ test that require large equipment apparatus (Figure 2.5). The dilatome-
ter was in a high resolution xyz table that enabled precise sample placement, regarding the beam
position. A Perkin Elmer XRD 1621 2D Flat Panel detector, with high contrast and frame rate, was
used in these experiments [Elmer, 2014]. This detector is constituted by 2048×2048 px2 and each
pixel has an area of 200×200 µm2, resulting in a broad field of view (410×410 mm2). Sample-to-
detector distance was determined using a normalized Cu standard and iterated for each energy used
(E =99 keV : 1260 mm; E =80 keV : 1430 mm). This distance allows for an angular range between
≈ 0° and 13°, covering the main peaks of the materials studied with high angular resolution.
(a) P07b EH3 hutch overview (b) Dilatomer overview
Figure 2.5: P07b EH3 experimental hutch and dilatometer utilized for the in situ phase charac-
terization during joining experiments
During the thermal cycle, the bond zone position shifts due to thermal expansion of the materi-
als. Besides the thermal expansion movement, the NiTi and Ti6Al4V coated samples did not have
the same height, resulting in small deviations of the bond zone, between each joint, and during
the joining process itself. Thus, it was necessary to find an expedite way to ensure that one shot
would hit the bond zone. The method developed used 21 shots of synchrotron radiation with a
beam size of 50 µm×1 mm (width × height) and an horizontal shift of 50µm. Figure 2.6 represents,
schematically, seven of the twenty one set shots conducted in each step of the joining process. Each
set of shots were processed at: room temperature before applying load, after applying the load,
T =350 ◦C, T =400 ◦C, T =450 ◦C, maximum/joining temperature and after the thermal cycle.
A good compromise between peak intensity and background noise was reached for both NiTi and
Ti6Al4V (materials exhibit different absorption coefficients and, therefore, the optimum exposure
time had to be iterated for both), when using a 2 s exposure for each shot.
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Figure 2.6: Characterization procedure employed for the in situ RADB phase analysis
2.3 Joining
Two different experimental set-ups were selected to process RADB joints. Firstly, some ex-
ploratory joining experiments, at higher temperatures, were conducted at Faculdade de Engenharia
da Universidade do Porto (FEUP).
Table 2.2: Processed joints at FEUP
# Location Period Tmax Pressure Duration[nm] [◦C] [MPa] [min]
1 FEUP 12 900 4 60
2 FEUP 25 850 5 60
(a) Overview (b) Schematics
Figure 2.7: Tensile testing with infrared furnace equipment utilized in FEUP
The equipment operated at FEUP to process the dissimilar bonds, at high temperatures, is
presented in Figure 2.7. Figure 2.7a shows the tensile testing equipment (LLOYD materials testing
LR 30K) with molybdenum dies that apply pressure, within a vacuum quartz tube. Coated surfaces
facing each other were placed on top of the bottom die and the load was applied, before starting
the thermal cycle. A heating(cooling) rate of 10 °min−1 was used to attain the maximum(room)
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temperature. All the bonds were made at a vacuum pressure of ≈10−2 Pa -10−3 Pa and a joining
stage of 60 min ( [Simões, 2010] and [Simões et al., 2013]).
Joining temperature optimization was made during in situ x-ray characterization at the DESY
synchrotron (Figure 2.8a). The modified Bähr DIL 805 A/D dilatometer (cf. page 34) is ca-
pable of applying tensile and compressive loads with heating/cooling rates of 4000 ◦C min−1 and
2500 ◦C min−1, respectively. NiTi and Ti6Al4V cylinders, coated with Ni/Ti multilayers, were
placed horizontally, with the coated surfaces facing each other and, afterwards, a small force was
applied to fixate the base materials in place, prior to the load/temperature cycle. An S-type ther-
mocouple controlling the induction coil, during the joining cycle, was point-welded to the Ti6Al4V
substrate (Figure 2.8b). One thermal cycle was conducted with thermocouples welded to each
substrate and the temperature was similar. All the joints were carried at a vacuum pressure of
≈5× 10−3 Pa.
(a) Overview
(b) Schema
Figure 2.8: Modified dilatometer (DESY)
In the dissimilar joints produced at DESY a bonding time of 30 min, at different temperatures,
was used (Table 2.3). The bonding temperature was attained using a 100 ◦C s−1 heating rate. After
the joining process, a fast cooling (He) for 30 s led the joined material to reach temperatures of
300 ◦C to 200 ◦C. Since the DESY joining experiments were conducted after the multilayers’ phase
Ni/Ti reactive multilayers for joining 37
Chapter 2. Experimental Details
evolution studies were completed, information regarding the reaction temperature was already
known. Therefore, for the 12 nm and 25 nm period multilayers, steps of 5 min at 350 ◦C, 400 ◦C
and 450 ◦C were carried out to follow the structural evolution, during the multilayer reaction. A
temperature profile utilized in one of the joining conditions (750 ◦C) is schematized in Figure 2.9.
Table 2.3: Processed joints at DESY
# Location Period Tmax Pressure Duration[nm] [◦C] [MPa] [min]
3 DESY 12 750 10 30
4 DESY 12 600 10 30
5 DESY 12 650 10 30
6 DESY 25 750 10 30
7 DESY 25 600 10 30
8 DESY 25 650 10 30
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Figure 2.9: Temperature profile utilized for the different joints produced in DESY
2.4 Laser Processing
Laser experiments were conducted in the Laser Materials Processing Laboratory at Instituto
Superior Técnico (IST), using a Yb:KYW chirped-pulse regenerative amplification laser system
(Amplitude Systèmes s-Pulse HP), with a central wavelength of 1030 nm (λlaser) and a laser pulse
duration of 560 fs (τpulse). This laser offers high repetition rate, high pulse energy, short pulse
duration and a high output beam quality [Systemes, 2014]. The laser beam is originally s-polarized.
Sample positioning was accomplished using a computer-controlled XYZ stage (PI miCos) with high
positioning accuracy (>0.5 µm) and repeatability (>0.1 µm). In figure 2.10 it is possible to recognize
the laser, the computer-controlled XYZ stage and the different mirrors that constitute the setup
used. All samples were processed at ambient atmosphere.
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Figure 2.10: Laser experimental setup overview; Legend:1) Femtosecond laser, 2) Powermeter,
3) Dichroic mirror + CCD camera assembly, 4) XYZ table, 5) Table/laser control station
Average pulse energy was measured using a powermeter (Ophir Photonics model 10ASHV1.1
RoHS) with the laser pulsing at a frequency of 1 kHz (Ep = P/1000). All experiments were
conducted at a frequency lower than 1000 Hz and, in this range, the pulse energy is independent of
the pulse frequency.
In order to study the interaction between the Ni/Ti multilayer thin films and the laser beam,
two types of experiments were performed:
• Stationary experience - Single/multi-pulse using different pulse energies and number of
pulses to explore the multilayer reaction mechanism with the sample static (Figure 2.11a)
• Non-stationary experience - Direct writing femtosecond laser surface texturing in a
relatively large area (10×10 mm2) (Figure 2.11b)
(a) Stationary regime assembly Legend:1) CCD
camera, 2) Dichroic mirror, 3) 10x lens 4) Exter-
nal light source, 5) Sample holder, 6) XYZ table (b) Non-stationary regime movement schematic
Figure 2.11: Different laser experimental setups employed
The main objective of the stationary experiment was to study the multilayer reaction initiation
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and propagation, therefore higher energy density was necessary. The laser pulse energy was varied
using a circular variable density filter and the laser beam was focused with a 10x objective lens.
The position of the sample was attained using a CCD camera and a dichroic mirror inserted in the
beam path (Figure 2.11a). Laser power was measured, after the variable density filter, to minimize
the pulse energy losses until reaching the sample (assuming the values provided by the equipment
suppliers and a 20 % coefficient for the wear of the equipment results in power losses of ≈ 30 %),
as observed in Figure 2.12a. Due to difficulties in sample alignment and low accuracy of sample to
lens distance measurement, the pulse energy values were used to compare the different experiments
for this assembly. A signal generator, connected to the external control of the laser, was used to
set up pulse frequencies bellow 1 kHz .
Femtosecond laser
Dichroic Mirror
10x lens
CCD
Camera
Circular Density filter
Sample
XYZstage
(a) Stationary experience assembly schematic
Focusing lens 100 mm
Mirror
Femtosecond laser
Circular Density filter
Sample
XYZ
stage
λ/2
plate polarization
(b) Non-stationary experience schematic
Figure 2.12: Schematic of the different laser experiments utilized
In the non-stationary experiment, the processing conditions were similar to those used by Cunha
et al. to study Laser Induced Periodic Surface Structures (LIPSS) in Ti6Al4V [Cunha et al., 2013].
This set up uses a 100 mm focal length lens and the sample surface is positioned perpendicularly to
the laser beam, 10 mm below the focal plane (Figure 2.12b). A half-wave plate (λ/2) was used to
change the beam polarization direction from s to p-polarization. The sample was moved at a speed
of ν =5 mm s−1, and a pulse frequency of 1 kHz. After finishing a 10 mm length line, the sample
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was moved 100 µm in the perpendicular direction and a new laser track produced, until reaching
an area of 10×10 mm. The ablation threshold was discerned using the D2-method ( [Liu, 1982]
and [Mannion et al., 2003]). Assuming a Gaussian beam energy in the laser beam distribution, the
fluence in a plane, perpendicular to the laser beam, is given by:
φ(r) = φ0e−2r
2/w20 (2.3)
The maximum fluence (φ0) and the laser pulse energy (Ep) can be related by:
φ0 =
Ep
piω20
(2.4)
The diameter of the produced laser crater (D0) is related with the maximum fluence by:
D20 = 2ω20ln
(
φ0
φth
)
(2.5)
The non-stationary experiments will result in pulse as well as line overlapping. The number of
laser pulses per point of the surface, N , can be estimated using the following equation:
N = piDf4να ;α =
dlat
D
(2.6)
Cangueiro et al. [Cangueiro et al., 2012] and Cunha et al. [Cunha et al., 2013], using the
same apparatus and similar procedures, concluded that the average spot size had a diameter of
ω0 ≈340 µm, hence, with a pulse energy (Ep) of 150 µJ, the resulting fluence is 1.65 mJ mm−2 and
the number of pulses per point is ≈ 181.
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Results and Discussion
The aim of this chapter is to integrate the results already published in scientific papers.
This study is about the production of the Ni/Ti nanolayered thin films with the final goal
of obtaining NiTi nanointermetallic material. It was necessary to understand the different steps
that the layered structure undergoes to reach the final NiTi phase. A sustainable study of the
structural evolution, required a high quality diffraction equipment, such as the one available at the
ESRF. After this evaluation, the Ni/Ti multilayers were used as filler for reaction assisted diffusion
bonding of dissimilar materials (NiTi to Ti6Al4V). To achieve this, in situ high energy diffraction
studies were conducted at the DESY synchrotron facility. Finally, the role of the femtosecond laser
irradiation in the ignition of this kind of multilayer nano-films was highlighted; this approach could
be an important tool to join large surfaces and complex geometries, using multilayer thin films.
The guidelines assumed the following sequence:
1. As-deposited multilayer thin films
2. Thermal evolution of Ni/Ti multilayer thin films
(a) Interaction of nickel with the Ti6Al4V substrate
3. Reaction assisted diffusion bonding joints using Ni/Ti multilayers
(a) Preliminary study
(b) Optimizing bonding temperature
4. Laser/multilayer interaction
(a) Influence of the substrate on the reaction propagation
(b) Understanding the reaction
(c) LIPSS
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3.1 As-deposited multilayer thin films
Some of the results presented in this section were already published in a paper in Intermetallics, entitled
“In-situ thermal evolution of Ni/Ti multilayer thin films” (Appendix A.1 [Cavaleiro et al., 2014c]).
Ni/Ti multilayers with four different periods (Λ = 5 nm, 12 nm, 25 nm and 75 nm) were deposited
using magnetron sputtering onto different substrates (cf. Chapter 2.1). EPMA analysis of the
shorter periods Ni/Ti multilayers (Λ =5 nm and 12 nm) showed that the Ni content was between
49.4 and 50.4 at.%. For higher periods (Λ =25 nm and 75 nm), it was not possible to evaluate
the chemical composition, due to the limitations of the EPMA technique. Based on the smaller
period results, a near overall equiatomic composition was guaranteed by adjusting individual power
density of the targets.
Figure 3.1 presents the SEM cross sections of fractured Ni/Ti multilayers with different periods.
However, SEM technique does not have enough lateral resolution 1 to distinguish the lowest period
multilayers (Figure 3.1a and 3.1b). For thicker periods (Λ ≥ 25 nm) the different nickel and
titanium layers on the fractured surfaces are detectable (Figure 3.1c and 3.1d). In the last case,
SEM in backscattering mode was used, wherewith the contrast is highlighted by the the difference
of atomic number of each layer 2. Still considering the thicker periods, the visible darker/brighter
layered structure corresponds to the Ni/Ti multilayer structure, revealing a columnar growth and
parallel interfaces (26Ni has higher number of backscattered electrons than 22Ti, which will result
in brighter Ni layers).
Detailed analysis of the morphology of the thin films shows a columnar growth according to
Thornton et al. [Thornton, 1986]. Despite the presence of a layered structure with inumerous
interfaces, the columnar morphology is visible. The measured modulation periods (Figure 3.1c
- 25 nm and Figure 3.1d - 75 nm) are in conformity with the estimated values calculated using
Equation 2.2.
1SEM techniques utilizes a electron beam that will inherently result in electron diffraction errors, as well as
electro-magnetics lens aberrations and unstable currents, therefore it does not have nanometric resolution
2The higher the atomic number, the higher will be the number of backscattered electrons
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(a) Λ=5 nm (b) Λ=12 nm
(c) Λ=25 nm (d) Λ=75 nm
Figure 3.1: SEM cross section of fractured Ni/Ti multilayer thin films with different periods
(a) Silicium substrate (b) Ti6Al4V substrate
Figure 3.2: SEM cross section of fractured Ni/Ti multilayer thin films with Λ=25 nm deposited
on Si and Ti6Al4V substrates
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Whatever the material of the substrates, magnetron sputtering flexibility allows the production
of Ni/Ti thin films as a filler for joining (Figure 3.2). Despite the different thermal properties of
the substrates (Si - k = 124 W m−1 ◦C−1, cp = 0.794 J g−1 ◦C−1; Ti6Al4V - k = 6.7 W m−1 ◦C−1,
cp = 0.5263 J g−1 ◦C−1), the layered structure presence is undeniable and no major difference can
be observed between them. While in the Si substrate the layered structure seems flat, in the
Ti6Al4V some waviness can be disclosed, although no interruptions in the layered structure have
been detected. This waviness can be related to the roughness of the substrate prior to the depo-
sition process, despite the mirror-like polishing of Ti6Al4V substrate always having same average
roughness. Moreover, the substrates’ surface irregularities will be enhanced as the film grows, due
to the growth mechanism of magnetron sputtered thin films [Mattox, 2010].
(a) Λ=5 nm (b) Λ=12 nm
(c) Λ=25 nm (d) Λ=75 nm
Figure 3.3: Topography of Ni/Ti multilayer thin films with different periods deposited onto a
NiTi substrate (top view)
SEM micrographs were obtained from the surfaces of different Ni/Ti multilayer thin films de-
posited onto NiTi substrates (Figure 3.3). It is possible to identify large clusters of grains, corre-
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sponding to the top view of the columnar morphology, which corresponds to the typical grain growth
exhibited when using magnetron sputtering with the aforementioned parameters. Despite the poor
lateral resolution of the equipment, when comparing with other characterization techniques, it is
possible to conclude that the grain size is in the nanometric range as it will be highlighted by AFM
(Figure 3.5).
Similarly to the cross-section, multilayers with the same period (Λ =25 nm), on different sub-
strates, like stainless steel (Figure 3.4) show the importance of substrate roughness after polishing.
While for the NiTi substrate some grain alignment is visible (Figure 3.4a), the overall height varia-
tion is less pronounced compared to the stainless steel substrate (Figure 3.4b). In similar fashion to
the discussion already presented for the cross-section SEM images, the difference in surface quality
is not directly related to the multilayer structure/period, but to the quality of the substrates prior
to deposition.
(a) NiTi substrate (b) Mirror-polished stainless steel substrate
Figure 3.4: Topography of Ni/Ti multilayer thin films with Λ=25 nm deposited on different
substrates (top view)
Figure 3.5 and 3.6 show AFM surface analysis of the Ni/Ti multilayers, deposited onto silicon
substrates (5 µm× 5 µm and 1 µm× 1 µm scan areas, respectively). Both sets of AFM images show
a uniform surface topography, without major defects and revealing nanograins. In the larger area
scans, as the period increases, the surface grains become easily distinguishable, indicating that grain
size increases with the multilayer period. AFM analysis of similar areas corroborates the previous
statement (Figure 3.6b). As the modulation period diminishes, the interfaces will be closer to each
other and, consequently, limit the grain growth. Thus, adjusting the deposition parameters, namely
the substrate holder’s rotation speed (that defines the period), it is possible to control the grain
size.
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(a) Λ=5 nm (b) Λ=12 nm
(c) Λ=25 nm (d) Λ=70 nm
Figure 3.5: AFM images of Ni/Ti multilayer thin films (5 µm× 5 µm area)
(a) Λ=12 nm (b) Λ=25 nm
Figure 3.6: Detailed AFM images of Ni/Ti multilayer thin films (1 µm× 1 µm area)
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Quantitative surface roughness analysis by AFM allowed to measure the averaged area rough-
ness (Sa) and root mean square of the area roughness (Sms) in function of the multilayer period
(Figure 3.7). Both parameters increase as the modulation period increases. P.D. Tall et al. stated
that the surface roughness of Ni-Ti films is very sensitive to the deposition conditions [Tall et al.,
2007]. Haque et al. also conducted neutron and x-ray reflectivity roughness measurements on rf
sputtered Ni/Ti multilayers, presenting similar results [Haque et al., 2013]. The authors refer that
for Ni/Ti multilayers, the surface roughness does not increase with the total multilayer thickness
(due to a growth “restart” at the interface), but depends on the period. As the bilayer thickness
increases, the surface roughness exhibits a power law with the intermixing width [Haque et al.,
2013] and, because of this, surface roughness can be related directly to the intermixing between
the Ni and Ti layers. This means that as the period increases the intermixing thickness will also
increase.
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Figure 3.7: Roughness evolution with the modulation period
Ni/Ti multilayers with 25 nm period, deposited onto different substrates, were characterized in
the as-deposited state using conventional x-ray diffraction (Figure 3.8). At room temperature the
Ni/Ti multilayers should be composed of nickel and titanium in their equilibrium phase, therefore
nickel (ra =0.124 nm) and titanium (ra =0.147 nm) should exhibit a FCC and HCP structure, re-
spectively. In these diffractograms it was possible to clearly identify nickel, whatever the substrate.
Titanium or other phases based on it are very difficult to distinguish for this period (Λ =25 nm).
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However, a small broad peak indicates that titanium might be in the α−Ti phase, exhibiting a
(00.2) preferential orientation. Diffractograms for high periods (Λ =75 nm)(Figure 3.9) reveal, for
the same diffraction angle, a more visible (00.2) peak. This orientation is typical of magnetron
sputtered monometallic Ti thin films ( [Checchetto, 1997] and [Jeyachandran et al., 2006]).
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Figure 3.8: X-ray diffraction diffractograms of Ni/Ti multilayers (Λ =25 nm) deposited onto
different substrates
Conventional x-ray diffraction of the as-deposited Ni/Ti multilayers, with different periods,
deposited onto Si is shown in Figure 3.9. As the period diminishes (Λ =12 nm and 5 nm), a
tendency for a disordered structure is observed, as well as a reduction of maximum peak intensity
of the peaks of Ni and Ti and an increase of the full width at half maximum (FWHM), showing
a decrease in crystalline size [Langford and Wilson, 1978]. Similar behaviour has been already
observed in AFM (cf. pg. 47). For the shorter period (Λ =5 nm) the individual Ni and Ti peaks
are not discernible; instead, a broad diffuse peak characteristic of a highly disordered or amorphous
structure appears.
Besides the reduction of the crystallite size, some intermixing can occur at the Ni/Ti interfaces.
This intermixing can be explained by three factors. Firstly, the substrate holder did not possess
a cooling element, resulting in substrate temperature rising during the sputtering process. When
subjected to temperature, some interdiffusion between Ni and Ti can occur at the interfaces and,
therefore, lead to a zone where the Ni and Ti atoms coexist. Another reason for this intermixing
layer is the sputtering chamber arrangement, since the targets are perpendicular between them-
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Figure 3.9: X-ray diffraction diffractograms of as-deposited Ni/Ti multilayer thin films with
different periods (5 nm, 12 nm, 25 nm and 75 nm) deposited (Si substrate)
selves. In the sputtering chamber, the disposition of the targets leads to an overlapping region
where different atoms of the targets are mixed. The final possible cause for the intermixing is the
sputtering process itself: during the sputtering process, some Ar+ and targets’ adatoms are di-
rected to the substrate, transferring their mechanical energy due to collisions between them. These
phenomena occurred for all the periods, but it depended on individual layer thicknesses. In conse-
quence, the disordered phase will represent a larger fraction as the period decreases, increasing its
contribution to the broadening of both Ni and Ti peaks.
In order to overcome some indexation difficulties and clarify the evolution of the peaks with the
multilayer period, similar experiments were performed using synchrotron radiation at the ESRF.
From the analysis, the presence of the Ti (00.2) is unequivocal for the period of 25 nm (Figure 3.10).
Moreover, it is clear that the two Ni and Ti peaks converge to a single peak as the modulation
period decreases, as already observed for conventional x-ray diffraction. GIXRD (2°) technique
was used, taking advantage of the low angle of incidence of the synchrotron beam, not diffracting
the substrate. Nonetheless, the analysis of multilayers with a modulation period of 5 nm (Figure
3.10 inset), continues to show a single broad peak. The evolution from two Ni and Ti peaks to a
single broad peak was also observed by different authors ( [Clemens, 1986] and [Kudryavtsev et al.,
2000]).
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Figure 3.10: Synchrotron x-ray diffraction patterns of Ni/Ti multilayer thin films with different
modulation periods (5 nm, 12 nm and 25 nm) (Ti6Al4V substrate). Inset - GIXRD (2°) detail of
the 5 nm period multilayer
Multilayers with Λ =5 nm, 12 nm and 25 nm were prepared for electron microscopy analysis
using FIB technique. STEM/HAADF analysis of the 12 nm and 25 nm period multilayers comple-
ments SEM observations (cf. pg. 45), revealing the multilayer nanostructure with the darker and
lighter strips corresponding to Ti and Ni, respectively (Figure 3.11). For both modulation periods,
the multilayered structure is discernible throughout the whole thickness of the film, revealing high
homogeneity. In the STEM image of the 25 nm period Ni/Ti multilayer (Figure 3.11b), it is possible
to discern a few vertical interruptions due to the thin film columnar growth and coalescence.
(a) Λ=12 nm (b) Λ=25 nm
Figure 3.11: STEM micrographs of Ni/Ti multilayers with a)12 and b)25 nm period
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Figure 3.12: BF TEM image of Ni/Ti multilayer with 25 nm period
Cross section TEM, using diffraction contrast, of the 25 nm modulation period multilayer thin
film (Figure 3.12), shows that each layer is composed of crystallites from bottom to top. Direct
measurements of the Ni/Ti multilayer’s period revealed a value of 28 nm, which is slightly higher
than the estimated value using Equation 2.2 (25 nm). Thickness of the individual Ti and Ni layers
are respectively 15 nm and 13 nm, resulting in a Ti:Ni thickness ratio of 1.15, lower than the value
presented on Equation 2.1 (VNi = 0.62VT i ⇒ eNi = 0.62eT i ⇒ Ti : Ni = 1.61). Using energy
dispersive spectroscopy (EDS) line scans, the value achieved for the individual thickness is similar.
As discussed previously, some intermixing between the individual layers was detected. Quantitative
standardless analysis pinpoints that each one of the layers presented a small portion of the other
element (up to 15 at.% of Ni present in Ti layers, and up to 14 at.% of Ti present in Ni layers).
Ni/Ti multilayers with 5 nm and 12 nm period were also characterized using TEM (Figure 3.13).
From Figure 3.13a it is possible to clearly distinguish the presence of the nanolayered structure,
even for the smallest studied period (5 nm). Compositional analysis of the 12 nm period multilayer
revealed a Ti content of up to 40 at.% in Ni layers, while up to 45 at.% of Ni is detected in Ti
layers; corroborating a higher degree of intermixing (when compared to the values reported for the
25 nm period). Obviously, the electron beam/material interaction will play an important role in
the intermixing, in particular as the period decreases. Nonetheless, all evidences support that, as
the period diminishes, the intermixing will have a more pronounced effect.
Figures 3.13b and 3.13d present the selected area diffraction (SAD) patterns acquired for the
studied multilayers’ thinner periods’ (5 nm and 12 nm). For the 12 nm bi-layer the SAD pattern
clearly exhibits two diffraction rings, with few high intensity diffraction spots, typical of nanocrys-
talline structures. For the 5 nm period, only one blurry ring is visible, which is characteristic of
low nanocrystallinity or even amorphous materials (Figure 3.13b).
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(a) Λ=5 nm (b) Λ=5 nm SAD pattern
(c) Λ=12 nm (d) Λ=12 nm SAD pattern
Figure 3.13: TEM micrographs of Ni/Ti multilayers with different periods
Fast Fourier Transform (FFT) of a more “ordered” region also indicates a behaviour typical of
an amorphous material. These results corroborate the conclusions already discussed for the x-ray
results: despite the clearly discernible alternated layers, the multilayers are highly disordered for
the shortest periods, where the intermixing and the small number of diffracting planes start to play
a decisive role. Moreover, the occurrence of structural changes , during the FIB cut (interaction
between the Ga+ beam and the multilayer), cannot be discarded.
(a) Λ=5 nm (b) Λ=25 nm
Figure 3.14: High resolution TEM micrographs of Ni/Ti multilayers with 5 and 25 nm period
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High resolution TEM (HR-TEM) images of the Ni/Ti multilayers with 5 nm and 25 nm mod-
ulation periods (Figure 3.14) show that the short period multilayers (5 nm) occur as individual
layers. In the 25 nm multilayer period (Figure 3.14b) the Ni and Ti crystallites have high num-
ber of defects. It was also possible to, approximately, measure the thickness of the intermixing
region, leading to a .2 nm and ≈3 nm for 5 nm and 25 nm period, respectively. Cho et al. reported
that magnetron sputtered Ni/Ti multilayers with almost “pure” 17 nm Ti layers and 7 nm Ni layers
(therefore a 24 nm period) exhibited a 3 nm amorphous intermixing layer [Miyazaki and Cho, 2009].
This intermixing thickness value is very close to the one measured, despite the differences in the
experimental sputtering process. Therefore, the reason for the intermixing is more likely to be
related to the production process itself, rather than to the experimental procedures conducted on
the as-deposited multilayers.
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3.2 Thermal evolution of the multilayer thin films
Some of the results presented in this section were already published in the papers: “In-situ thermal
evolution of Ni/Ti multilayer thin films” Appendix A.1 [Cavaleiro et al., 2014c] (Intermetallics); “In Situ
Phase Evolution of Ni/Ti Reactive Multilayers” Appendix A.2 [Cavaleiro et al., 2014b] ( Journal of Materi-
als Engineering and Performance); “Phase transformations in Ni/Ti multilayers investigated by synchrotron
radiation-based X-ray diffraction” Appendix A.3 (submitted to Journal of Alloys and Compounds) and “Ther-
mal stability of nanoscale metallic multilayers” Appendix A.4 [Ramos et al., 2014] (Thin Solid Films)
Understanding the reaction of the Ni/Ti multilayers and the different stages that the lay-
ered system undergoes is necessary for the envisaged application - joining. The first equipment
used to study this evolution was a conventional x-ray source fitted with a vacuum hot furnace.
Due to its limitations, the x-ray acquisition in function of temperature is long (dwell time =
10 min/temperature stability + 30 min for acquisition). This problem can contribute significantly
for the diffusion phenomena, changing the kinetic parameters of the reaction. In order to overcome
this significant obstacle, a high flux x-ray source was also used at the ESRF synchrotron facility,
enabling faster and higher resolution in situ characterization.
Reactive multilayers thermal phase evolution can take place in a single step or with the formation
of intermediate phase(s), by exothermic reaction(s). Moreover, for high temperatures, oxidation
may occur. Besides de desired B2-NiTi in the Ni-Ti system, several intermetallic phases can be
present, namely B19′ NiT i, NiT i2, Ni3Ti and Ni4Ti3 [Adams et al., 2009]. According with the
literature, the reaction temperature is around 350-400 ◦C. Therefore, the thermal cycle utilized to
study the thermal evolution of this multilayered system featured 25 ◦C steps when the reaction is
expected to occur (300-400 ◦C) and, afterwards, 50 ◦C steps. Figure 3.15 represents the structural
evolution of the Ni/Ti films with different periods (5 nm, 12 nm, 25 nm and 75 nm) deposited onto
stainless steel. For all periods it is possible to observe that the B2-NiTi austenite phase (110)
diffraction peak is formed without any intermediate phases.
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(b) Λ=12 nm
Figure 3.15: Hot x-ray diffractograms of Ni/Ti multilayers with different periods (substrate aus-
tenitic SS)
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Figure 3.15: Contd. Hot x-ray diffractograms of Ni/Ti multilayers with different periods (sub-
strate austenitic SS)
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Phase evolution of the shortest period multilayer (Figure 3.15a) reveals that the B2-NiTi peak
appears at 400 ◦C, however the broad peak (characteristic, as discussed previously, of highly disorder
Ni/Ti multilayers) is still present at that temperature. In the next temperature step (450 ◦C) an
increase in intensity of the B2-NiTi peak can be identified, as well as the disappearance of the broad
peak, revealing that for this temperature the transformation is complete. As the temperature is
incremented, the B2-NiTi peak becomes more prominent, revealing a typical austenitic structure
with the (110) peak as well as the presence of the secondary (200) peak, without evidence of
preferential orientation. Above 600 ◦C, some oxidation was detected through the formation of
small quantities of rutile titanium dioxide (to simplify the x-ray analysis the diffractograms, for
temperature over 600 ◦C, was excluded). The formation of TiO2 phase in the thin film led to some Ti
depletion of the NiTi phase and consequently, some Ni enrichment, which can explain the formation
of the Ni3Ti phase (Figure 3.15a). Increasing the period of the multilayer (Λ =12 nm) results in a
phase evolution similar to multilayers with a 5 nm period, but at 400 ◦C only a minor fraction of
Ni (still present from the disordered phase) is detectable and the reaction seems complete (Figure
3.15b). For the 25 nm period it is possible to clearly distinguish the Ni and Ti diffraction peaks
indexed at room temperature (Figure 3.15c). Between 300 and 350 ◦C the intensity of Ni (111)
and Ti (002) peaks diminishes gradually; at 375 ◦C they almost disappear and the B2-NiTi phase
emerges. At temperatures higher than 600 ◦C the TiO2 and Ni3Ti phases can also be identified.
The 75 nm period Ni/Ti multilayers exhibit similar thermal evolution however, due to the higher
cristallinity, the loss of structural order, before the B2-NiTi phase formation, is evident (between
300 and 350 ◦C). The temperature of reaction (375 ◦C) is similar to the multilayer with a period of
25 nm.
Different systems were already studied by CEMUC researchers, such as Pd-Al [Ramos and
Vieira, 2012] and Ni-Al [Ramos et al., 2009a]. Phase evolution of these systems shows their clear
dependence on the modulation period. For all periods of the Ni/Ti system, the equiatomic B2-NiTi
is the first crystalline phase to form, even for the larger modulation period which normally is the
less favourable. Ti and Ni-rich intermetallic compounds were not detected before the formation of
the B2-NiTi phase was completed.
Figure 3.16 shows the influence of temperature on different periods of the studied multilayers.
At 300 ◦C, the diffractograms reveal a higher degree of disordering than the one presented at room
temperature, and only for the highest period (75 nm) it is possible to clearly distinguish the Ni
peak (Figure 3.16a). In the next temperature step (375 ◦C) and for the highest periods (25 nm
and 75 nm) the (110) B2-NiTi diffraction peak can already be identified, while the shortest periods
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(5 nm and 12 nm) remain disordered (Figure 3.16b). It should be pointed out that for the highest
period (75 nm) the relative intensity between the B2-NiTi and the γ of SS peaks indicates that
the reaction may not yet be complete. For this period the B2-NiTi peak increases significantly in
the next temperature step (400 ◦C), indicating that the reaction is finally complete (Figure 3.16c).
Besides the 75 nm and 25 nm period multilayers, the 12 nm multilayer reaction also seems complete
at 400 ◦C. At this temperature, for 5 nm periods, the B2-NiTi peak starts to emerge, despite
the clear presence of the disordered Ni/Ti multilayer. In the last temperature step (450 ◦C) all
the diffratograms are similar and, for all the periods, the formation of B2-NiTi phase is complete
(Figure 3.16d).
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Figure 3.16: Hot x-ray diffraction patterns of Ni/Ti multilayers with different periods in function
of temperature
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(c) T=400 ◦C
Figure 3.16: Contd. Hot x-ray diffraction patterns of Ni/Ti multilayers with different periods in
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Figure 3.16: Contd. Hot x-ray diffraction patterns of Ni/Ti multilayers with different periods in
function of temperature
Kudryavtsev et al. and Gupta et al., deposited Ni/Ti multilayers by e-beam and magnetron
sputtering, and also reported that the austenitic NiTi is formed. They also emphasised that, for
short periods and at higher temperatures, the multilayers undergo amorphization before the NiTi
phase formation ( [Kudryavtsev et al., 2000] and [Gupta et al., 2006]).
It is generally claimed that the energy available for the reaction is “stored” in the Ni/Ti disrup-
tion to form NiTi, meaning that the presence of the intermixing zone, characterized by disordered
Ni and Ti atoms, represents an energy loss for the system. With temperature, atoms mobility
increases, facilitating the interdiffusion and increasing the intermixing region. As the period de-
creases, the as-deposited intermixing region is more pronounced, increasing with the temperature,
reducing the exothermal character of the NiTi reaction and resulting in a higher temperature re-
quirement for reaction to occur. Consequently, as the period diminishes, the reaction temperature
will be higher, except for the thicker period multilayers. For the largest modulation period, the
effective diffusion lengths become too wide to fully homogenize the thin film and will likely lead to
nonequiatomic phases.
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The periods of multilayer thin films selected for in situ characterization by shyncrotron radiation
were 5 nm, 12 nm and 25 nm (Figures 3.17). Multilayers with a period of 75 nm were not studied
because they are not interesting for joining applications and because they are similar to the 25 nm
period, although with slower reaction velocities.
Two different strategies were employed to display the results, the first one (Figures 3.17a, 3.17c
and 3.17e) show the diffractograms close to the reaction temperature in a 2D format, while the
second one (Figures 3.17b, 3.17d and 3.17f) represent them in a 3D format, where the interpolation
between each scan was done by a Kringing approximation, to facilitate data visualization.
Until 400 ◦C the synchrotron diffractograms interpretation led to the same conclusions as the
conventional hot x-ray diffraction, whatever the period of the multilayer, only the (110) of B2-NiTi
phase could be indexed. Moreover, α-Ti and β-Ti from the substrate (Ti6Al4V) were also identified
in all x-ray scans (in the case of the substrate’s α-Ti phase the FWHM can be distinguished form
the multilayer’s α-Ti, due to differences in grain sizes). On the other hand, for the highest annealing
temperatures (≥400 ◦C) it is possible to observe the formation of NiT i2 phase, for all modulation
periods.
After analysis of synchrotron scans (Figure 3.17) it is evident that the temperature and period
of multilayer thin films have an important role on the formation of the crystalline phase B2-NiTi.
Additionally, due to faster thermal cycles, the samples were preserved at higher temperatures,
during a briefer period of time, avoiding intermixing prior to the reaction and, therefore, decreasing
the reaction temperature. Consequently, the synchrotron phase evolution study presents lower
reaction temperatures: ≈ 385 ◦C for Λ =5 nm , ≈ 350 ◦C for Λ =12 nm and ≈ 330 ◦C for Λ =25 nm.
The intermixing responsible for the decrease of long range order, in the as-deposited multilayers,
has an important role in the kinetics of reactive multilayers (a closer detail of the evolution can be
found for 25 nm period multilayer in Figure 3.18). Multilayer period and reaction temperature are
indirectly proportional by the reasons already discussed for the conventional hot x-ray diffraction.
A complementary study using GIXRD (2°) showed that, at maximum temperature of heat
treatment (526 ◦C), the NiT i2 is present on the thin film. Nevertheless, this does not prove that
diffusion of Ni and Ti occurs during the annealing process (Chapter 3.2.1).
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NiTi phase formation)
After the thermal cycle was completed, a single scan on the multilayers with different periods
was conducted at room temperature (Figure 3.19). For all the periods NiT i2 is clearly visible as
well as the formation of NiTi R-phase. This phase is an intermediate phase in the transformation
between B2-NiTi and B19’ NiTi (martensite) and there are three different ways that facilitate the
appearance of R-phase: cold work, ageing a Ni rich NiTi alloy or addition of a third element (e.g.
Fe) [Šittner et al., 2006]. For Ni-rich alloys the equilibrium between the Ni4Ti3 precipitates and the
NiTi can be reached after relatively fast ageing times (1 h) [Otsuka and Ren, 2005]. The formation
of the NiT i2 phase during heat treatment might lead, locally, to a Ni enrichment in NiTi necessary
for the formation of the intermediate R-phase. Additionally, the duration of the thermal cycle may
justify the ageing and Rs temperature increase, which may explain the formation of the R-phase.
The evolution is different regarding the temperature at which phase transformation occurs, however
after the heat treatment, the phases are similar independently of the modulation period.
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In order to study the influence of test duration in the phase evolution, the experimental method-
ology was changed to static mode (cf. pg. 33). The in situ phase evolution of Ni/Ti multilayers
with 12 and 25 nm periods, using the detector in static mode, are presented in Figures 3.20a and
3.21a. In this study the diffractograms acquired in each thermal cycle are shown without any
numerical treatment. The scale of intensity was plotted in logarithmic scale (z axis) to simplify
the analysis. The corresponding thermal cycle executed on the multilayers is included in Figure
3.20b and 3.21b, respectively. For the thermal cycle, the oven was heated at maximum heat rate
(≈3.5 ◦C s−1) until a predefined temperature was reached. This temperature was selected based
on the previous results. Thus, the first temperature step for Λ =12 nm was Theater =400 ◦C and
for Λ =25 nm was Theater =375 ◦C, which are the temperatures where the reaction is expected to
occur. Afterwards, a dwell time of 5 min was used to check if the B2-NiTi peak had emerged. If the
B2-NiTi peak was present, a dwell time of 30 min would be made; if not, the temperature would be
increased 25 ◦C and iterated again until the B2-NiTi peak was detected. The detector was placed
centered in the 30° position where the 4° aperture allowed to detect the Ni (111) peak (E =11.5 eV;
30.737°), as well as the (110) B2-NiTi peak (E =11.5 eV; 29.461°). During the thermal cycle the
detector was continuously acquiring data.
For both periods, the phase evolution is identical, with the (111) Ni diffraction peak clearly
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visible (2θ ≈30.25°) and, as the temperature increases, the B2-NiTi (110) diffraction peak starts to
develop (2θ ≈29.25°). For this setup, depending on the multilayer period, the reaction was observed
at different temperature steps. In fact, for the 12 nm period, the reaction was detected during the
temperature plateau of 338 ◦C (instead of 350 ◦C observed in scanning mode), while for the 25 nm
multilayer, the reaction temperature was 316 ◦C (instead of 330 ◦C). Since the heating/dwell time
is low, the intermixing is weak and, consequently, the transformation temperature is reduced and
the reaction is easier. Once again, for this range of multilayer periods, as the period diminishes the
reaction temperature increases.
(a) X-ray spectra evolution with time (b) Temperature profile during thermal cycle
Figure 3.20: Synchrotron x-ray diffraction patterns of the 12 nm period Ni/Ti multilayer thin
films during fast acquisition experiments
(a) X-ray spectra evolution with time (b) Temperature profile during thermal cycle
Figure 3.21: Synchrotron x-ray diffraction patterns of the 25 nm period Ni/Ti multilayer thin
films during fast acquisition experiments
EVA software [EVA, 2014] enables the automatic peak analysis, during the dwell stage, right
after detecting the reaction. Two parameters were calculated: net area (intensity counts per second
multiplied by diffracting angle) and Full Width at Half Maximum (FWHM). The values obtained
for these two parameters are shown in Figure 3.22, with the left y-axis corresponding to the FWHM
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and the right y-axis to the net area. It is possible to distinguish three different stages: i) B2-NiTi
formation, ii) grain growth and iii) stabilization.
Beginning the analysis with the net area evolution as function of time, for a constant tempera-
ture and for both periods (12 nm and 25 nm), it is possible to obverse, after the reaction, an almost
linear steep increase of the net area, during the first 150 s. On the second stage, the evolution is
no longer linear; for the 25 nm period the decrease is faster than for the 12 nm period. A possible
explanation can be related with the shorter diffusion distances: for the 12 nm period, there is more
continuous evolution of the peak, while for the higher period it increases very rapidly but stabi-
lizes afterwards. In the third stage, time is no longer important for both periods. Concerning the
FWHM evolution, both periods exhibit similar profile, with a very steep increase on the first stage,
then a slight decrease for the second stage and finally stabilization. In summary, the formation
of the B2-NiTi (110) peak evolves through three different stages: beginning with the rapid trans-
formation from Ni/Ti multilayers to NiTi; afterwards, peak thinning simultaneously with net area
increase that indicates grain growth until the third stage is reached (≈15 min). After the second
stage is complete, the B2-NiTi peak does not undergo any significant transformation.
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Figure 3.22: FWHM and net area of the B2-NiTi (110) diffraction peak
A complementary study of the heated multilayers was performed using TEM, and for these
thin foils of multilayer cross section were prepared. Below a thin layer thickness of TiN/TiOx
(resulting from the heat treatment environment after cooling), an intermediate region of equiaxed
grains of B2-NiTi is discernible (Figure 3.23 and 3.24). For the shortest period (5 nm)(Figure 3.23)
the B2-NiTi grains have smaller grain size than for higher periods (Figure 3.24). In the interface
between the thin film and the substrate (Ti6Al4V) NiT i2 columnar grains were identified, as also
observed using x-ray diffraction. The NiT i2 phase was not observed in any of the Ni/Ti multilayers
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periods, deposited onto stainless steel, using conventional hot x-ray diffraction (Figure 3.15). Since
the NiT i2 grains are in direct contact with the surface of the Ti6Al4V substrates, it corroborates
that the formation of this phase is related to the B2-NiTi interaction with the Ti6Al4V alloy.
(a) Overview of the annealed thin film
(b) TiN/TiOx
(c) Thin film
(d) Thin film/
substrate interface
Figure 3.23: TEM analysis of the annealed Ni/Ti multilayer thin film with 5 nm period
(a) Overview of the annealed thin film
(b) TiN/TiOx
(c) Thin film
(d) Thin film/
substrate interface
Figure 3.24: TEM analysis of the annealed Ni/Ti multilayer thin film with 25 nm period
Rogachev et al. proposed a mechanism for initiation and growing of NiAl from Ni/Al multilayers
with nanometric modulation period [Rogachev et al., 2014]. The authors developed a set-up which
enable to freeze the reaction front during propagation (1527 ◦C). It was possible to observe thin
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foils of different zones of the reaction, using TEM. This experimental analysis was supported with
molecular dynamics simulation.
Various steps are identified by the authors, as follows:
1. Melting of Al, element with low melting temperature (TAlm =660 ◦C; TNim =1455 ◦C);
2. Partial diffusion of Ni in the liquid;
3. Formation of solid B2-NiAl grains at the Ni/Al interface, with discontinuities between them
(to allow continuous Ni dissolution);
4. Growth of the B2-NiAl grains.
However, it is difficult to extrapolate the proposed Ni/Al mechanism for the Ni/Ti multilayers.
First of all, in the Ni-Ti system the individual melting temperatures are analogous and much higher
than in Ni/Al multilayers (TNim =1455 ◦C, T T im =1668 ◦C), inhibiting the possibility of only one of
the metals to be in the liquid state. Moreover, in Ni/Ti the amount of heat released by the reaction,
is much lower than by Ni/Al, making it difficult to reach the required temperature for melting.
Note that Rogachev et al., in their model, did not consider that the layers might have lower melting
temperature, due to their nanocrystalline character.
All the performed study points to a diffusion of nickel into a "disordered" titanium with reaction,
nucleation and growing rates, depending on the period. In fact, grain size, after reaction, is
homogeneous on the annealed thin film.
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3.2.1 Interaction of nickel with the Ti6Al4V substrate
As referred previously, during heat treatment, Ti6Al4V influences the occurrence of the NiT i2
phase at the thin film/substrate interface. The Ti6Al4V alloy has a microstructure constituted by
α-Ti and β-Ti due to the presence of a betageneous element (V) [Boyer, 1996].
The precipitation of brittle intermetallic compounds, namely NiT i2 and Ni3Ti, during solidifi-
cation of NiTi SMA, has been reported in the literature. The formation of these compounds leads
to adverse effects on both strength and shape memory characteristics of the material ( [Shinoda
et al., 1991], [Akselsen, 2014] and [Zoeram and Mousavi, 2014]). Therefore, to increase bond quality
between NiTi and Ti6Al4V, it is very important to properly understand the mechanism behind the
formation of the NiT i2 phase and its interaction with the Ti6Al4V alloy.
Two different multilayer configurations were prepared. Firstly, Ni/Ti multilayer thin films
with 12 nm and 25 nm period were deposited onto Ti6Al4V starting with Ni, guaranteeing that a
high concentration of Ni would be present in the interface region. Another configuration was the
deposition of the same period multilayers onto a tungsten interlayer with a thickness of ≈12 nm.
This element was selected because it does not produce intermetallics with Ni, suggesting that it
can be used as a Ni diffusion barrier. Moreover, it is an excellent contrasting material for SEM
technique.
Phase evolution was studied by hot synchrotron x-ray diffraction, in scanning mode, using
different maximum temperature of heat treatment: T heatermax = 850 ◦C, Λ =12 nm; T heatermax = 900 ◦C,
25 nm (Figure 3.25). The phase evolution, from Ni/Ti to B2-NiTi, for the multilayers starting
with a Ni layer is similar to the the multilayers starting with Ti, for the same temperature range
(Figure 3.25a and 3.25b). However, as the temperature increases to higher values, the B2-NiTi
main diffraction peak intensity decreases and the NiT i2 peak increases, indicating an adjustment
between the formation of one phase and the disappearance of the other. Withal, the β-Ti peak
also starts to increase for highest temperatures. For the 12 nm period multilayer, at the highest
selected temperature (712 ◦C), no B2-NiTi peak can be discerned. It was only possible to identify
the substrate peaks and those of NiT i2, indicating that at this temperature the phase evolution
is complete. In spite of the 25 nm period multilayer reaching higher temperatures than the 12 nm
period, the larger grain size and, consequently, lower reactivity may explain why it was still possible
to identify residual NiTi at maximum temperature. As the temperature gets to ≈750 ◦C, the β-Ti
peak starts to be very significant, becoming the major phase.
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Figure 3.25: In situ synchrotron x-ray diffraction phase evolution of the different multilayer thin
films (1st layer Ni)
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Figure 3.26: In situ synchrotron x-ray diffraction phase evolution of the different multilayer thin
films (W interlayer)
Ni/Ti reactive multilayers for joining 75
Chapter 3. Results and Discussion
The presence of a W interlayer does not induce any disruption in the structural evolution
from Ni/Ti to B2-NiTi (Figure 3.26). Although the maximum temperatures are similar to the
multilayers starting in Ni, for both periods and at the maximum temperature, the NiTi phase was
still identifiable, meaning that the tungsten might have decreased the rate of Ni diffusion. Photon
absorption coefficient for 11.5 keV is ≈1.1× 102 cm2 g−1 and ≈2.1× 102 cm2 g−1 for Ti and Ni,
respectively [Hubbel and Seltzer, 2014]. For compounds and mixtures the absorption is averaged
using the weight fraction of each component, meaning that if the weight ratio increases in a lower
absorption element (in this case, Ti), for the same volume, the overall absorption decreases. After
the thermal cycle, the NiT i2 is the dominant phase, resulting in less absorption (than in the B2-
NiTi phase) and enabling photons to reach the tungsten layer. The difference in absorptions explain
why at the beginning of heat treatment it was not possible to identify the presence of W and, as
soon as the NiT i2 is formed the tungsten peak emerges. Then, it can be concluded that the NiT i2
is related with the disappearance of the B2-NiTi phase as well as with the formation of β-Ti. A
possible explanation can be related to the Ni diffusion, from the multilayer thin film towards the
substrate, being more significant than other elements, showing that Ni is a betageneous element.
Since this element is a titanium β-eutectic, this signifies that besides increasing the β-Ti phase it
should also produce NiT i2 on the Ti6Al4V substrate.
There are two different groups of β alloying elements: β-isomorphous and β-eutectoid. In
order for the resulting alloy to be stable in the form of an Ti6Al4V alloy, vanadium (which is β-
isomorphous) was added. Since vanadium has high solubility in titanium, as the V content increases
the β phase will also increase. Contrary to this, nickel is a β-eutectoid, which means that, even for
low nickel content in the alloy, it will lead to the formation of an intermetallic compound, besides
β-Ti [Leyens and Peters, 2003]. In addition, due to the crystallographic structure differences (β-Ti
is BCC while α-Ti is HCP) the diffusion is considerably higher on the β-Ti phase than in the α-Ti.
The V, Ni and W distributions, on the cross section of heat treated films, were evaluated by
EPMA in several areas with 50×50 µm2 (Figure 3.27). The cross section was analysed starting
from the thin film/substrate interface to the Ti6Al4V bulk material to be joined. As previously
mentioned, vanadium is added to Ti6Al4V to induce the formation of the β-Ti phase, therefore
this element can be used as a trace element for the location of this phase. Through the elemental
map distribution, it is possible to identify vanadium in the β-Ti which is distributed around α-Ti
grains. The Ni map shows that the element clearly diffuses to the same locations where V was
detected (the β-Ti grains). Independently of the interface element (Ni or W), as the temperature
increases, the Ni diffusion depth increases. For the 12 nm period multilayers, with and without W
76 Ni/Ti reactive multilayers for joining
3.2. Thermal evolution of the multilayer thin films
interlayer, the maximum temperature was similar; however, for this period with the W interlayer,
the Ni diffusion length is slightly shorter. The small difference in diffusion lengths confirms, that
the W interlayer has the role of a barrier but, since its thickness is relative small (≈12 nm), it is
not effective enough to avoid the Ni migration. The Ni/Ti multilayers deposited onto a W thin
layer did not show any W diffusion towards the substrate.
A similar analysis done on Ni/Ti multilayer thin films in which the first layer was titanium,
was heat treated at lower temperatures (≤500 ◦C). In this case, it was not possible to identify any
Ni diffusion, pointing out that a minimum temperature must be reached in order to promote the
diffusion of Ni towards the β − Ti phase.
(a) Λ =12 nm start in Ni and Tmax =716 ◦C (b) Λ =25 nm start in Ni and Tmax =772 ◦C
(c) Λ =12 nm with W interlayer and Tmax =712 ◦C
(d) Λ =25 nm with W interlayer and Tmax =802 ◦C
Figure 3.27: EPMA elemental map distribution of the zone directly under the heat treated films
(50×50µm2). From purple to red as the concentration of elements increases (as rainbow)
Figure 3.28 exhibits backscattered SEM images of cross sections from the different films em-
ployed to study the Ni diffusion to the Ti6Al4V substrate. The results confirm what was observed
previously, with the presence of β-Ti much more evident as consequence of NiT i2 formation close
to the interface due to Ni diffusion. When present, a W interlayer is easily identifiable in BSE
images (Figures 3.28c and 3.28d), as it appears much brighter than the other elements. After
annealing, W is always present in the film/substrate interface. For the 12 nm period multilayer,
Ni/Ti reactive multilayers for joining 77
Chapter 3. Results and Discussion
there is NiT i2 rich film in direct contact with a β-Ti grain, showing that the connection will be
the preferential route for the Ni diffusion. If the NiT i2 is only in contact with the α-Ti, the NiT i2
will grow over the W interlayer (cf. arrow in Figure 3.28c). Finally, for the 25 nm period film,
the cross-section is similar to the substrate (Figures 3.28b and 3.28d). These films were treated
at higher temperatures, leading to deeper Ni diffusion, making the annealed film and substrate
morphologies identical.
(a) Λ =12 nm start in Ni and Tmax =712 ◦C (b) Λ =25 nm start in Ni and Tmax =772 ◦C
(c) Λ = 12 nm with W interlayer and Tmax =
716 ◦C
(d) Λ = 25 nm with W interlayer and Tmax =
802 ◦C
Figure 3.28: Cross-section SEM images of the different films prepared for the Ni diffusion study
78 Ni/Ti reactive multilayers for joining
3.3. Reaction assisted diffusion bonding using Ni/Ti multilayers
3.3 Reaction assisted diffusion bonding using Ni/Ti multilayers
One of the objectives of the work developed was to produce sound dissimilar joints between
NiTi and Ti6Al4V alloys, using Ni/Ti nanomultilayers. The coated substrates were placed in a
vacuum oven under pressure, taking advantage of the multilayers’ properties. This sub-chapter is
divided into two sections:
• Preliminary study - Some exploratory joining tests using the experimental equipment de-
scribed in section 2.3 were conducted at high temperatures. Their microstructure and me-
chanical properties were analysed afterwards;
• Optimizing the bonding temperature - Joining using lower temperatures than the ones
used in the exploratory tests were done in DESY synchrotron and, simultaneously acquiring
the different characteristics of the joints produced.
Some of the results presented in this section were already published in the papers: “Cold rolled ver-
sus sputtered Ni/Ti multilayers for reaction-assisted diffusion bonding” Appendix A.5 (invited to publish in
Welding in the World) and “In Situ Characterization of NiTi/Ti6Al4V Joints During Reaction-Assisted Dif-
fusion Bonding Using Ni/Ti Multilayers” Appendix A.6 [Cavaleiro et al., 2014a] (Journal of Materials and
Engineering and Performance).
3.3.1 Preliminary study
The tests to join NiTi with Ti6Al4V were performed using the set up previously described (cf.
pg. 36). Two different multilayer periods were selected having the following in mind:
• low intermixing during deposition process;
• reaction of the Ni/Ti multilayer into NiTi, without Ti- or Ni-rich phases;
• low percentage of NiT i2 in the reacted interface thin film/Ti6AlV;
• global thickness of 5 µm (less than the value calculated for self-propagation) in order to
guarantee adhesion to the substrates and low stress state.
Senkevich et al. were able to successfully join Ti6Al4V to NiTi without any filler material
but, according to the author, it is not possible to achieve good quality bonds at 800 ◦C for 1 h
[Senkevich, 2014]. In this work the selected periods were 12 nm and 25 nm and the maximum joining
temperatures were similar to other type of multilayer filler materials already studied. The applied
pressure was around 4-5 MPa to guarantee a perfect contact between the surfaces to be joined. The
joining zones microstructure (Figure 3.29a), for both periods, revealed sound joints: no cracks or
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pores were detected. In both cases two different zones can be distinguished: in the bond’s core, the
grain is homogeneous and with a grain size higher than the period of the original multilayer. Close
to the Ti6Al4V bulk material, it is possible to observe a straight zone (thickness ≤0.7 µm) with
lower grain size than in the core of the joint. A detailed analysis seems to highlight that NiT i2
assumes an important role at this bonding temperature. EPMA analysis across the joint shows the
presence of NiT i2 in the filler. As demonstrated previously, Ni from the bond zone diffuses to the
Ti6Al4V alloy, causing a Ni deficit in the bond interface, explaining the NiT i2 phase formation.
A detailed analysis of the microstructure (SEM) in the interface Ti6Al4V/thin film (Figure 3.30)
shows threes different zones - white (¬), gray (­) and black (®) - that correspond to high, medium
and low Ni content, respectively. In the NiTi bulk side, TEM has aided to distinguish equiaxed
grains of filler in the interface, instead of the columnar grains closer to the Ti6Al4V base material
(Figure 3.31).
(a) Dissimilar joint between Ti6Al4V and
NiTi using Ni/Ti multilayer with Λ =12 nm
@ 900 ◦C and 4 MPa
(b) Dissimilar joint between Ti6Al4V and
NiTi using Ni/Ti multilayer with Λ =25 nm
@ 850 ◦C and 5 MPa
Figure 3.29: SEM cross-section micrographs of the joints processed in FEUP
Figure 3.30: Detail of the interfacae Ti6Al4V/film of the dissimilar joint between Ti6Al4V and
NiTi using Ni/Ti multilayer with Λ =25 nm @ 850 ◦C and 5 MPa
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Figure 3.31: BF TEM micrograph of the joint between Ti6Al4V and NiTi using Ni/Ti multilayer
with Λ =25 nm @ 850 ◦C and 5 MPa
Figure 3.29b shows part of an indentation matrix and the distribution of hardness is presented
in Figure 3.32. The hardness distribution is in good agreement with the phase distribution, where
high hardness of the NiT i2 phase is dominant. That reiterates the importance of NiT i2 phase
in the NiTi vs Ti6Al4V bond. This is a clear indicative that the temperature selected for other
multilayer systems is unsuitable to bond NiTi to Ti6Al4V, using Ni/Ti multilayers. Other systems,
like Ni/Al, might have higher exothermic character than Ni/Ti, however for the studied system,
higher energy released might be detrimental, due to diffusion during joining.
Figure 3.32: Hardness distribution of the dissimilar joint between NiTi and Ti6Al4V using Ni/Ti
multilayer thin films with Λ =25 nm @ 850 ◦C and 5 MPa
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3.3.2 Optimizing bonding temperature
The optimization of the temperature conditions for joining NiTi to Ti6Al4V was achieved using
a detailed phase study during the bonding process. To achieve this, synchrotron was used in
transmission mode with detailed microstructure analysis (SEM). First of all, it must be highlighted
that the height and width of synchrotron beam are 1 mm × 50µm, which is wider than the bond
zone. Thus, some peak overlapping is expected.
Figure 3.33 presents the bond zone’s phase evolution, during the diffusion bonding process, for
the joints processed at 750 ◦C, 650 ◦C and 600 ◦C utilizing both 12 and 25 nm period multilayer
thin films (Figure 3.33a, 3.33c and 3.33e for 12 nm and Figure 3.33b, 3.33d and 3.33f for 25 nm).
For each temperature step, the central scan was selected individually (amongst the 21 scans done),
being the scan that had closer to 1:1 peak intensity ratio between the (101) α-Ti and the (110)
B2-NiTi diffraction peaks. The higher crystallinity of the 25 nm period multilayers allows to clearly
distinguish the Ni peak at room temperature while, for the 12 nm period, the higher disordering
gives forth a broader, almost indiscernible peak. As expected from the previous x-ray analysis, as
we reach the 350 ◦C the Ni peak disappears, revealing that the Ni/Ti multilayers undergo phase
transformation to B2-NiTi. As the temperature increases, the peaks reveal a small shift to lower
2θ values due to thermal expansion but, until 450 ◦C, for all joints, no new phases emerge since
the B2-NiTi phase is already present (base material). When bonding temperatures (750 ◦C, 650 ◦C
and 600 ◦C) are reached, it is possible to observe the formation of the NiT i2 phase. To facilitate
the data analysis a choice was made not to present the three scans conducted during the bonding
temperatures. These scans at higher temperatures revealed that the intensity of the NiT i2 peaks
increases as the samples are maintained at bonding temperatures, indicating NiT i2 phase growth
as expected. The NiT i2 phase formation was already discussed previously. In summary, the
12 nm and 25 nm period multilayers undergo similar phase evolution, independently of the bonding
temperature. It must be highlighted that, as the bonding temperature increases, the NiT i2 phase
is more and more pronounced in accordance with the preliminary study.
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(b) Λ =25 nm @ Tmax =750 ◦C
Figure 3.33: In situ x-ray diffractograms of the different joints produced at DESY (RTi - room
temperature)
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(d) Λ =25 nm @ Tmax =650 ◦C
Figure 3.33: Contd. In situ x-ray diffractograms of the different joints produced at DESY (RTi
- room temperature)
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(e) Λ =12 nm @ Tmax =600 ◦C
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Figure 3.33: Contd. In situ x-ray diffractograms of the different joints produced at DESY (RTi
- room temperature)
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The cross section’s microstructure analysis allows to establish the bonding parameter limits
in each studied cases (Figure 3.34). In all cases the achieved joins are sound, with high-quality
interfaces and without pores or cracks, except for the joint made at a temperature of 600 ◦C with
a period of 25 nm.
Starting with the bond processed at highest temperature (750 ◦C), using the 12 nm period
multilayer, two zones are discernible in the bond zone (Figure 3.34a). Closer to the NiTi base
material a B2-NiTi zone (gray scale close to the base material) is observed while adjacent to the
Ti6Al4V base material, a zone can be identified as NiT i2 (with an intermediate gray scale tone
between the Ti base material and the filler). As predicted by the Ni diffusion study for this
temperature, some Ni from the filler material diffuses to the β-Ti of the Ti6Al4V, explaining the
Ni deficit on the bond zone and, therefore, the formation of the NiT i2 phase. EDS analysis of each
zone confirms the phases identified, with the NiTi zone showing a slight Ti enrichment (Ti - 54 at.%
and Ni - 46 at.%) (according to the phase diagram, this composition is still in the NiTi domain)
and the NiT i2 zone with 34 at.% Ni and 2 at.% Al. The presence of Al on the NiT i2 zone can also
indicate that some Al and Ti migrated from the Ti6Al4V alloy, even though the development of new
phases in the x-ray spectras cannot be identified (Figure 3.33a). In the NiT i2 zone, two different
grain sizes can be discerned: coarser and columnar grains closer to the Ti6Al4V and the another,
with refined equiaxed grains (Figures 3.35a and 3.35b). The two grain sizes are in accordance
with the differences in thermal conductivities of both base materials (kB2−NiT i =10 W m−1 ◦C−1
and kT i6Al4V =6.7 W m−1 ◦C−1), where the lower thermal conductivity of Ti6Al4V will lead to a
slower cooling rate, maintaining the temperature higher for longer period, which promotes grain
growth. At 750 ◦C, using a 25 nm period multilayer, NiT i2 can be identified in the bond zone (Ti
- 64, Ni - 34 at.%, and Al - 2 at.%) as well as a thicker β-Ti zone (Figure 3.34b). In this joint
it is also possible to detect the dual grain’s size micro structure in the NiT i2 zone. The thicker
β-Ti zone accounts for the higher Ni migration from the bond zone to the Ti6Al4V base material,
which consequently is also responsible for the complete disappearance of the NiTi. There are two
possible justifications for the existence of this phase. The first possible justification is the fact
that the reaction temperatures detected between these two periods are different (from chapter 3.2
Λ =12 nm - Treac =350 ◦C and Λ =25 nm - Treac =328 ◦C). Reaction from the multilayered system
to the NiTi phase, for the 25 nm period, was detected at a lower temperature, resulting in a longer
period of time in which the formed phases were maintained at higher temperatures, facilitating
the diffusion process. Another possible justification can be related to the Ti diffusion to the NiTi
base material, in the 12 nm period multilayer (higher mobility), which does not occur in the larger
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individual multilayer thickness (Λ = 25 nm).
Figure 3.34c - 3.34d show micrographies of the joining process at 650 ◦C for Λ = 12 nm and
25 nm period multilayers, respectively. Similarly to the joints processed at 750 ◦C, these present
high quality, well defined interfaces however, in this case, the bondline is clearly discernible. For
this temperature, in the bond region, the B2-NiTi (≈4 µm) and NiT i2 (≈500 nm) zones can also be
identified, but since the temperature is lower, the Ni diffusion is also smaller and consequently the
NiT i2 zone as well as the β-Ti region on the Ti6Al4V base material are thinner. Still comparing
these joints to the higher temperature joints, the NiT i2 zone utilizing the 25 nm period multilayer is
thicker (1.8 µm) than for the 12 nm period (1.2 µm), which is in accordance with the x-ray diffraction
spectra obtained (Figure 3.33c and 3.33d). At T =650 ◦C the relative intensity of the NiT i2 main
diffraction peak is slightly higher for Λ =25 nm.
The bond zone’s cross-section of the joints processed, using the lowest temperature (600 ◦C),
are presented in Figure 3.34e and 3.34f for the 12 nm and 25 nm period multilayer, respectively.
While the joint processed using a 12 nm period multilayer as filler has good quality with a very
small NiT i2 zone (≈300 nm); for the joint obtained using the 25 nm multilayer, the zone showed
a fracture on the Ti6Al4V side, along the interface between the two coated parts. There are two
possibilities to explain the formation of that fracture. The fracture might have been formed during
cooling and did not propagate through all the sample, guaranteeing that some of the bond zone
maintained its structural integrity. Another possibility for the fracture propagation may be related
with stresses developed during the surface preparation for SEM analysis.
The presence of the Ni/Ti nano-multilayers allowed sound bonds if at low temperatures for
diffusion bonding was 600 ◦C for 30 min. The fragile NiT i2 phase is still present, although in very
small quantity. Preliminary tests of mechanical behaviour of the joined parts, with multilayers at
600 ◦C and pressure of 10 MPa, show that it has maintained its structural integrity (the bonded
parts were dropped ≈30 cm into a hard surface).
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(a) Λ =12 nm @ Tmax =750 ◦C (b) Λ =25 nm @ Tmax =750 ◦C
(c) Λ =12 nm @ Tmax =650 ◦C (d) Λ =25 nm @ Tmax =650 ◦C
(e) Λ =12 nm @ Tmax =600 ◦C (f) Λ =25 nm @ Tmax =600 ◦C
Figure 3.34: SEM images of the bond zone of the different joints produced at DESY
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(a) Λ =12 nm @ Tmax =750 ◦C (b) Λ =25 nm @ Tmax =750 ◦C
Figure 3.35: SEM images detail of the of the bond zone of joints produced at 750 ◦C
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3.4 Laser/multilayer interaction
In this sub-chapter, the ignition of Ni/Ti multilayers using femtosecond laser will be presented
and the influence of the substrate’s thermal properties on the reaction propagation discussed. The
first series of experiments on Ni/Ti ignition were carried using single pulse, with the laser beam nor-
mal to the surface. A second series of experiments was performed with a sequence of pulses. Once it
was recognised that it was impossible to ignite the multilayers using this method, the experimental
procedure was altered. The substrate plays a very important role on the reaction propagation,
consequently, substrates with different thermal properties were used in the experiments. A theo-
retical heat balance method was also used to explain the experimental results. Finally, sub-laser
wavelength nano-structures were observed and characterized.
This sub-chapter will be organized in the following sections:
1. Influence of the substrate on the reactions propagation - different substrates were
studied, with the objective to understand if it is possible to apply self-propagating Ni/Ti
reactive multilayers for joining applications;
2. Understanding the reaction - The model developed by Rabinovich et al. [Rabinovich
et al., 2007] was applied to calculate the thickness of Ni/Ti multilayered film required for the
reaction to be self-propagating;
3. Characterization of LIPSS formed on the laser treated surfaces.
3.4.1 Influence of the substrate on the reactions propagation
A first series of experiments were carried out to evaluate the energy threshold for single pulse
multilayer ignition, using a femtosecond laser pulse. The multilayers selected for these experiments
presented a period of 12 nm because Ni/Ti multilayers with this period are one of the most inter-
esting for joining applications, exhibiting the best compromise between intermixing and reaction
temperature (cf. Chapter 3.3). In the single shot experiments of different substrates, with different
pulse energies and beam diameters, it was not possible to observe the bright light, characteristic of
a SHS reaction, in any of the trials. Observation of the surface, by optical microscopy, showed that
besides a small crater, the film seemed to remain unmodified and no visible reaction was observed.
Therefore, it was decided to increase the number of pulses and, consequently, the deposited energy.
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Sequences of 2000 laser pulses, at a frequency of 1 kHz and with a pulse energy of 0.38 mJ, were
applied with the laser beam normal to a 12 nm Ni/Ti multilayer deposited onto a NiTi substrate.
The resulting crater is displayed in Figure 3.36. Despite the large crater, the surrounding does
not present any distinct features and apparently seems unmodified (Figure 3.36a). In this figure
it is possible to observe a “tail” to the left of the crater, but this feature is related to a delay in
the mechanical shutter of the laser, and not to the propagation of the reaction. Independently of
this, the ablated crater is much deeper than the thickness of the thin (t =2.5 µm). The large crater
shows that the energy deposited was larger than the ablation threshold, leading to the removal of
a large volume of material. A close view of the cross section of the crater in the thin film, can
be observed in Figure 3.36b. In this cross section it is possible to distinguish a zone close to the
surface with rounded edges, typical of melted material, while the bottom part close to the substrate
suggests that the film was not modified. This indicates that film close to the surface reacted, but
the energy losses to the substrate extinguished the reaction and, consequently, the film maintained
its structure.
(a) Surface overview (b) Film cross section detail
Figure 3.36: SEM micrographs of Ni/Ti multilayer with 12 nm period deposited onto NiTi and
processed with 2000 laser pulses (f =1 kHz and Ep =0.38 mJ) with the laser beam normal to the
surface
To avoid the damage brought by laser pulse accumulation and to increase the energy trans-
ferred, per pulse, an experiment with lower number of pulses (N =1000) and higher pulse energy
(Ep =0.52 mJ) was conducted (Figure 3.37). Despite the higher pulse energy, the lower number of
laser pulses resulted in a shallow crater and less damage by the laser beam (Figure 3.37a). A close
view of the periphery of the crater reveals that the laser removed the multilayer film leaving some
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islands that reveal the underlying substrate (Figure 3.37b). It is likely that, using these conditions,
reaction initiation in zones that have poorer adhesion to the substrate could lead to film delamina-
tion. Zones with poor adhesion between the film and the substrate, subjected to laser pulses, might
represent sufficient thermal resistance and, consequently, allow the reaction to propagate slightly
further.
(a) Surface overview (surface tilted - 25°) (b) Interaction detail (surface tilted - 25°)
Figure 3.37: SEM micrographs of Ni/Ti multilayer with 12 nm period deposited onto NiTi and
processed with 1000 laser pulses (f =1 kHz and Ep =0.52 mJ) with the laser beam normal to the
surface
Experimentally it is very difficult to identify any of the intermetallic of the Ni-Ti systems
produced by transformation of the Ni/Ti multilayer and the NiTi of the substrate. Therefore, a
similar experiment was carried out on a similar multilayer (Λ =12 nm) deposited onto stainless
steel (AISI 316L), in order to allow identifying, by x-ray diffraction analysis, any NiTi intermetallic
formed. The laser parameters were as follows: Ep =0.52 mJ, D0 ≈69 µm, f =1 Hz and 10x lens,
and number of pulses N =1000 pulses. The laser treatment was preformed in a matrix of 5 columns
and 20 lines (∆Y =200 µm, ∆X =2 mm). Using this method it was possible to produce a wider
area of laser treated multilayer, thus enabling x-ray diffraction analysis. The x-ray diffractograms
of the processed area, obtained by conventional θ − 2θ and GIXRD with 1° incident angle, are
presented in Figure 3.38. The diffractogram present peaks of Ni and Ti of the multilayer, as well
as the main NiTi peak, slightly deviated to lower interplanar distance, but sufficiently distant from
the γ-SS peak to allow clear identifications. The presence of this peak shows that the Ni and Ti of
the multilayer reacted to form NiTi, but most of the film remained unaltered.
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Figure 3.38: X-ray diffractograms of a femtosecond laser processed NiTi coated sample with
Ni/Ti multilayer (Λ =12 nm)
One possible reason for the absence of ignition, can be the number of Ni/Ti interfaces affected
by the laser beam. With the laser incident in direction normal to the surface, only the first surface
receives light, and only after some ablation the laser can interact with other interfaces. Besides
the number of interfaces affected by the laser beam, the final goal of these experiments is to
use a femtosecond laser beam as an igniter for joining applications. Joining assembly geometric
restrictions requires that the laser interacts with the multilayer on its edge, where the number of
interfaces is larger. With the 10x lens the laser spot diameter was ≥40 µm. In order to increase
the multilayer area affected by the laser, a Ni/Ti multilayer (substrate SS316L) border was placed
in a 45° angle with the laser beam, ensuring that besides the edge of the multilayer some surface
top layer would also be affected.
In figure 3.39 it is possible to observe the damage done by the femtosecond laser on the sample’s
edge. The energy deposited (100 pulses with Ep =0.541 mJ) is sufficient to produce a crater in the
film, but different phenomena can be identified. In the top film side, the film exhibits a morphology
that suggests that the multilayer reacted. Due to the sample’s inclination the multilayer surface
will be irradiated by the laser beam off the focal plain, resulting in a lower energy density beam that
allows the formation of LIPSS on the surface. A closer view of the edge close to the crater (Figure
3.39b) shows that the film bulged, probably due to delamination during reaction propagation, but
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this only affects a short distance (≈100 µm). The sample also shows evidence of melting. All things
considered, a reaction in the multilayer occurred, leading to delamination of the film.
(a) Surface overview (b) Interaction detail
Figure 3.39: SEM micrographs of Ni/Ti multilayer with 12 nm period deposited onto SS316L
and processed with 100 laser pulses (f =1 kHz and Ep =0.514 mJ) with the beam at 45° with the
normal to the surface
From what was previously observed, the reaction seems to occur in a small region close to the
laser irradiated zone. A possible reason for this is the self-sustained reaction being stopped by
excessive heat conduction to the substrate. In order to reduce heat conduction to the substrate,
taking into consideration the thermal conduction equation (Equation 3.5), it is necessary to decrease
the substrate’s thermal conductivity (k) and/or the temperature gradient between the reaction
front and the substrate (∂Ts/∂y). A set of experiments were performed on a NiTi sample coated
with 12 nm Ni/Ti multilayers, placed on a heating plate. Sample heating allows decreasing the
temperature gradient and, consequently, decreasing conductive heat losses to the substrate.
The laser beam was focussed by a 10 mm lens at the surface of the sample (due to the heating
plate it was impossible to use the 10x lens) and the temperature of the plate was increased in 50 ◦C
steps, until a temperature of 350 ◦C was reached. Prior to laser treatment a 1 min stabilization
was allowed. At each step a single laser pulse, with pulse energy Ep =0.8 mJ, was applied and
the sample moved ≈10 mm to the side to ensure that the next pulse irradiated a pristine surface.
Figures 3.40 and 3.41 exhibit optical microscopy and SEM images of the laser shots for the different
temperatures. The energy deposited seems sufficient to promote ablation, independently of the
temperature. Two regions can be distinguished in the ablation crater, related to the Guassian laser
beam profile. The crater diameter is ≈100 µm for all temperatures, but the ring around the crater
increases in diameter when the temperature raises. The rings correspond to a region where the
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film reacted, while the rest of the film remains unmodified. The experiments shows that raising
the sample’s temperature is not sufficient to induce the self-sustained reaction.
(a) T = RT (b) T =50 ◦C (c) T =100 ◦C (d) T =150 ◦C
(e) T =200 ◦C (f) T =250 ◦C (g) T =300 ◦C (h) T =350 ◦C
Figure 3.40: Single laser shot experiment on a Ni/Ti multilayer with 12 nm period deposited onto
NiTi B2 with the sample at different temperatures and Ep =0.8 mJ
(a) T = RT (b) T =50 ◦C (c) T =100 ◦C (d) T =150 ◦C
(e) T =200 ◦C (f) T =250 ◦C (g) T =300 ◦C (h) T =350 ◦C
Figure 3.41: SEM detailed micrographs of single shot laser experiment on a Ni/Ti multilayer with
12 nm period deposited onto NiTi B2 with the sample at different temperatures and Ep =0.8 mJ
Another parameter that affects heat conduction to the bulk is the substrate’s thermal conductiv-
ity. In the next experiment a ZrO2 substrate was coated with 12 nm and 25 nm period multilayers
and treated with the femtosecond laser. The thermal conductivity of zirconia is much lower than
that of NiTi (kZrO2 ≈2 W m−1 ◦C−1 as compared to kNiT i(austenite) =10 W m−1 ◦C−1) and that
should reduce heat losses to the substrate. While in the 12 nm period multilayer a 5 mm diameter
area was processed (Figure 3.42), in the 25 nm only one line was laser treated (Figure 3.43). After
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the laser treatment, the ZrO2 substrate’s surface can be observed in both samples, implying that
the laser pulse energy was sufficient to melt and, probably, partially ablate the film. The particular
shape of the metallic resolidified layer and the large value of the metal/substrate contact angle,
frozen in the resolidified film, show that wetting of the zirconia by the melt was poor, leading to
the exposure of large substrate area surfaces due to liquid retraction. Figure 3.42 shows the laser
area processed with clearly discernible tracks, produced by the laser treatment, indicating that
the film melts and was detached at the tracks’ borders. For the 12 nm period extensive damage
and evidences of melting are observed. A higher magnification of the melted regions show stria-
tions (Figure 3.43b). Despite the similarity with LIPPS, the period is larger and their formation
can, probably, be explained by hydrodynamic instabilities in the liquid. In general, the zirconia
substrate allowed for the reaction to propagate throughout the film.
(a) Surface overview (b) Interaction detail
Figure 3.42: SEM micrographs of Ni/Ti multilayer with 12 nm period deposited onto ZrO2 and
processed utilized the area experiment
(a) Surface overview (b) Interaction detail
Figure 3.43: SEM micrographs of Ni/Ti multilayer with 25 nm period deposited onto ZrO2 and
processed in line experiment
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Picard et al. reported that it is possible to ignite free standing Ni/Ti multilayers using a laser
with nanosecond pulse duration (KrF excimer laser with pulse duration - τpulse =30 ns [Picard
et al., 2008b]). Despite some differences between these multilayers and the ones used by the
authors (total thickness - 5 µm), it should be possible to ignite our freestanding Ni/Ti multilayers.
The experiment was preformed on a piece of ≈5×5 mm2 of a 12 nm period freestanding multi-
layer. To prevent contact between the film and any surface, leading to thermal losses, the fragment
was held with tweezers. It was used a 100 mm focal lens, a laser pulse frequency of 1 kHz and
a 0.8 mJ pulse energy. The roughness of the film made it difficult to estimate the spot diameter
at the surface of the sample, but the measurements carried out lead to an estimate of 300 µm.
In consequence the energy density was lower than the experiments preformed with the 10x lens
objective.
The experiments were recorded in video and some of the video frames are shown in Figure
3.44. In the first 1200 ms, only a plasma was formed close to the substrate (Figure 3.44b,3.44c
and 3.44d). After the first 1200 laser pulses, ignition occurred and a bright flash was observed
while the self-sustained reaction consumes the Ni/Ti multilayer (Figures 3.44e to 3.44l). Picard
et al. also performed ignition experiments on freestanding Ni/Ti multilayers with periods between
30 nm to 80 nm using a femtosecond laser (N =40 pulses, τpulse =150 fs, fluence of 12.8 J cm−2) with
no success, but within the irradiated zone localized reaction occurred [Picard et al., 2003]. The
longer laser pulse duration and larger number of pulses may explain why a reaction was observed
in the present experiments, showing the importance of multiple pulse energy accumulation in this
phenomena. These experiments shows that Ni/Ti multilayers can be ignited using a femtosecond
laser, provided that no heat conduction to a substrate takes place.
(a) t =0 ms (b) t =210 ms (c) t =462 ms (d) t =882 ms (e) t =1218 ms (f) t =1260 ms
(g) t =1302 ms (h) t =1344 ms (i) t =1386 ms (j) t =1428 ms (k) t =1470 ms (l) t =1512 ms
Figure 3.44: Femtosecond laser ignition image sequence of a Ni/Ti free standing multilayer with
12 nm period
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3.4.2 Understanding the reaction
The results presented in the previous section (Chapter 3.4) show that the substrate plays a
very important role in the self-sustained reaction of Ni/Ti thin film multilayers. Rabinovich et al.,
developed a thermal model where the Finite Element Method (FEM) was applied to evaluate the
heat losses, during the reaction propagation in Ni/Al multilayers, assessing conditions required for
the reaction to be self-sustained [Rabinovich et al., 2007]. The author proposed a linear dimen-
sionless parameter (χ) that determines the threshold of the self-sustained regime. In the following
paragraphs, the basis of the model and its major conclusions will be presented.
The model assumes that the multilayer reaction kinetics is controlled by a solid state diffusion
mechanism and the rate of the reaction between two neighbouring layers can be described by a
parabolic kinetic law (Equation 3.1), where the transformation rate is given by η = z/(Λ/2). The
characteristic time used in the model (Equation 3.2) corresponds to the time that the reaction
requires to reach Λ/2.
W (Tf , η) =
k0 exp(−Ea/RT )
η
(3.1)
tr =
1
k0 exp(−Ea/RT ) =
Λ2
8D0 exp(−Ea/RT ) =
Λ2
8D(T ) (3.2)
Figure 3.45 represents the thermal balance and boundary conditions used by the authors. The
heat transfer in the system can be described by equation 3.3, witch takes into account the heat
transferred, the heat losses (radiant energy transferred to the walls and conduction losses from the
film to the substrate) as well as the heat generated by the reaction. Heat losses were evaluated
using Equation 3.5 and 3.4 for the radiative and conductive heat fluxes, respectively.
Figure 3.45: Heat balance and boundary conditions used in the heat balance formulation [Rabi-
novich et al., 2007]
∂f
∂t
=
heat transfered︷ ︸︸ ︷
af
∂2Tf
∂x2
−
heat lost︷ ︸︸ ︷
qfs + qr
hρfcf
+
heat generated︷ ︸︸ ︷
Q
cf
W (Tf , η) (3.3)
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conventional dimensionless
radiant flux qr = σεb(T 4f − T 40 ) χR = σεb∆T
3∗ tr
hρfcf
(3.4)
conduction flux qfs = −ks ∂Ts∂y
∣∣∣
y=0 χ =
x∗/h
ρscs/ρfcf
(3.5)
In order to facilitate the calculations, dimensionless parameters were used. The temperature
was expressed as the ratio of the actual temperature with the melting temperature of the phase
resulting from the reaction. Amongst the dimensionless parameters, the radiant (χR - Equation
3.4) and conduction (χ - Equation 3.5) are the most important determining the transition between
the synthesis regimes. In fast rate processes, the parameter χR is relatively small and can be
neglected, making χ a valuable indication.
χ = x∗
h
ρscs
ρfcf
=
√
astr
h
ρscs
ρfcf
=
√
asΛ2/8D∗
NΛ
ρscs
ρfcf
=
√
as/8D∗
N
ρscs
ρfcf
(3.6)
A simplification on the χ (Equation 3.6) shows that this parameter does not depend on the
period (Λ) but on the interdiffusion coefficient at the melting temperature (D∗), number of bi-
layers (N) and ratio of volumetric specific heat of the substrate and the film ((ρscs)/(ρfcf )). A
difficulty in the calculation this parameter is the need to know the pre-exponential term (D0) and
the activation energy (E) in order to calculate the diffusion coefficient, using Arrhenius equation
(Equation 3.7. Erdélyi et al. calculated from the experimental results of Bastin et al. the values
D0 =2× 10−7 m2 s−1 and Ea =142 kJ mol−1( [Bastin and Rieck, 1974] and [Erdelyi et al., 2000]).
D = D0 exp
(
− Ea
RT
)
(3.7)
During the reaction, the material temperature is expected to reach the melting temperature of
NiTi (Tm =1300 ◦C). Therefore, for the NiTi melting temperature, the diffusion coefficient will be
D(1300oC) =1.31× 10−11 m2 s−1. To facilitate calculations a more realistic value of D(1300oC) ≈
1× 10−11 m2 s−1 will be selected. Rabinovich et al. showed that Ni/Al multilayers, are in the
self-propagating regime if χ . 0.1. Since Ni/Al multilayers exhibit an enthalpy of reaction higher
than Ni/Ti (Table 1.2) the value of χ for Ni/Ti should be lower, because the energy released is
lower. Since no FEM calculations were preformed for Ni/Ti multilayers, χ . 0.1 will be used for
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our case.
Table 3.1: Physical properties of the system components at RT [MatWeb, 2014]
Ni Ti NiTi Ti6Al4V SS304 Si
Specific Density, ρ, [kg m−3] 8800 4500 6450 4430 8000 2302
Thermal conductivity, k, [W m−1 ◦C−1] 60.7 17 10 6.7 16.2 124
Heat capacity, c, [J kg−1 ◦C−1] 460 528 320 526.3 500 794
Thermal diffusivity, a, [×10−5m2 s−1] 1.50 0.72 0.48 2.87 0.41 6.78
Figure 3.46 shows the χ values, calculated for the studied substrates (physical properties present
in Table 3.1), using Equation 3.6, in function of the number of binary layers. In the same figure,
an horizontal line indicates where the reaction regime changed (χ = 0.1), therefore, if the value is
underneath the line, this means that the reaction will be self-propagating. Due to the limitations
of the deposition equipment used, it is not possible to produce multilayered films with a thick-
ness greater than 2.5 µm, limiting the maximum number of binary layers. Considering the most
favourable period, and a thin film with maximum thickness, the maximum number of binary layers
will correspond to the period Λ =5 nm and a bilayer number of N =500. For this period, the χ
value is larger than the value required for a self-propagating reaction, for all substrates. Meaning
that, even for the most favourable multilayers it is not possible for Ni/Ti multilayers to exhibit a
self-propagating reaction.
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0.5
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 Ti6Al4V
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 Si
t = 2.5 m
= 5 nm
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Figure 3.46: χ coefficient variation for the different substrate materials regarding the number of
bilayers
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The total Ni/Ti multilayer thickness required for the reaction to be self-propagating, for the
different substrates and periods, is presented in Table 3.2. It is clear that very large thicknesses
are required, making thin Ni/Ti multilayers (t ≤10µm) inadequate for joining where the only heat
source is the reaction on the multilayer.
Table 3.2: Total film thickness necessary for the reaction to be self-propagating for the different
substrates utilized
Period NiTi Ti6Al4V SS304L Si
[nm] [µm] [µm] [µm] [µm]
5 7.8 21.4 13.9 25.8
12 18.6 51.4 33.3 61.9
25 38.8 107.0 69.3 129.0
75 116.3 321.1 208.4 387.0
3.4.3 Laser Induced Periodic Surface Structures (LIPSS)
LIPSS are structures that form as a result of the electromagnetic nature of incident radiation
and are due to a periodic variation of the amount of energy absorbed at the surface of the material.
The periodic variation of the absorbed energy is due to interference of the incident laser beam
with radiation scattered by surface defects (scratches, pits, etc.) or, in the case of LIPSS with
surface plasmon polaritons, infrared or visible-frequency electromagnetic waves that travel along
the surface of the material. Typically surface plasmon polaritons are shorter in wavelength than
the incident electromagnetic wave, which explains the periodicity of LIPSS. On the other hand,
the electromagnetic nature of the phenomenon explains one of the most important characteristics
of LIPSS, the fact that they are perpendicular to the polarisation direction of the incident beam.
LIPSS were observed in a Ti6Al4V sample coated with Ni/Ti multilayers, with 25 nm period,
irradiated with 50 femtosecond laser pulses, with a pulse energy of 0.55 mJ and a frequency of 1 kHz,
using a 10x objective and focusing the laser beam at 45° on the sample edge. After irradiation,
periodic structures called LIPSS were observed both in the multilayers’ lateral surface (the film
cross-section) and on its surface (Figure 3.47a). SEM image using high magnification backscattered
electrons detector, allows to identify periodic variations of contrast that indicate the layers of Ti
and Ni are present in the multilayer. The presence of unreacted layers below the surface confirms
that no self-sustained reaction occurred, even though the pulse energy was sufficient to promote
ablation.
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(a) Overview (b) LIPSS detail
Figure 3.47: SEM micrographs of Ni/Ti multilayer with 25 nm period deposited onto Ti6Al4V
and processed on the surface corner with an angle of 45°. In the sample corner 50 femtosecond
laser pulses were processed (f =1 kHz and Ep =0.55 mJ)
In order to understand the transformation of LIPSS a 12 nm period Ni/Ti multilayer coated
sample was laser processed, using the parameters as before, in order to produce a wide area of LIPSS
(Figure 3.48). The LIPSS pattern is relatively well defined with a periodicity of 0.8 µm determined
by FFT of Figure 3.48a . This value identifies the LIPSS produced in metallic multilayers as
Low Frequency LIPSS (LSFL), which in general present periods slightly lower than the radiation
wavelength (1030 nm in the present case). A detailed view on the top of the crests (Figure 3.48b)
indicates that the LIPSS are covered by redeposited ablation debris, formed by condensation in the
ablation plume, after cessation of the laser pulse.
(a) Overview (b) LIPSS detail
Figure 3.48: SEM micrographs of Ni/Ti multilayer with 12 nm period deposited onto NiTi B2
and processed using the area experiment
AFM analysis of the patterned surface lead to similar conclusions regarding the periodicity of the
waves (Figure 3.49). In Figure 3.49a it is possible to observe a region where duplication/extinction
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of the LIPSS occur. It is believed that this kind of phenomena is related to imperfections on the
surface that will be enhanced as the structure grows, during pulse accumulation. A perfilometry
profile (Figure 3.49) of the surface confirms the ≈0.8 µm period. The depth of LIPSS cannot be
measured by AFM, because the AFM tip does not reach the bottom of the waves’ surface.
(a) Detail of the LIPSS surface (5 µm×5 µm
area)
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(b) Line profile from an AFM image
Figure 3.49: AFM image of the LIPSS surface and profile of Ni/Ti multilayers with Λ=12 nm
Cross section of the LIPSS were prepared using FIB, allowing the nanopattern induced struc-
ture to be observed by TEM (Figure 3.50). The observation confirms that ablation debris were
accumulated on the top of the crests, but no debris are observed in the depression, which was
not possible to observe in the previous analysis. At the bottom of the valley, the nanolayers re-
main unaltered, which means that the surface temperature remained lower than system reaction’s
temperature (≈350 ◦C). Nickel exhibits a low electron-phonon coupling factor, at high electron tem-
peratures, when compared to other metals, namely titanium [Zavestovskaya and Kanavin, 2008].
This reduces energy transfer from the hot laser-excited electrons to the lattice, after laser irradia-
tion. Consequently, despite the higher energy deposited in the valleys, the energy transferred to the
lattice is lower and, despite the strong ablation, the reaction of the multilayers system is avoided,
as confirmed by the SAD pattern presented in Figure 3.51a. On the top of the crests a ≈50 nm
amorphous NiTi layer is visible (Figure 3.50b), confirmed by electron diffraction (Figure 3.51b).
Heat transferred from the hot redeposited debris associated with the lower ablation rate (the crests
correspond to zones where the energy was deposited and, therefore, the ablation rate, are lower)
heats the multilayer enough to induce a reaction and form the amorphous NiTi. The fast reaction
rate and the surperfast cooling (1013-1015 ◦C s−1 - [Bonse et al., 2011]), explain the fact that the
intermetallic is amorphous.
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(a) Overview
(b) LIPSS detail with inset of the top and bottom of the grooves
Figure 3.50: TEM cross-section micrographs of Ni/Ti multilayer with 12 nm period deposited
onto NiTi B2 and processed using the area experiment
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(a) Untreated multilayers (b) Multilayer zone and the melted zone
Figure 3.51: SAD diffraction patterns on different zones of the cross section of the LIPSS sample
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Conclusions
During the last decade, multilayers with multiple internal interfaces, when the modulation pe-
riod is nanometric, have been envisaged as filler to join, mainly, homometallic materials with joining
peculiarities. This solution was fundamental due to the continuous development of miniaturisation
for different applications. The continuous development of micro devices oblige to new designs,
where joining is integrated in the micromanufacturing chain.
The actual challenge of scientific research is to extrapolate the new concept of joining dissimilar
materials for applications in manufacturing microdevices. Depending on the complexity of the
parts’ geometry, it is necessary to use two distinct methodologies. For easy geometries, uniaxial
pressing and heating are prerequisites to promote the exothermal reaction, in the multilayer filler,
and the heat necessary for bonding the free surfaces, with low stress field, and for maintaining or
promoting adhesion of the filler to the components to be joined. However, on complex geometries
or large parts, where it is difficult to create a suitable joining set up, the use of LASER as igniter
of the multilayers reaction, could be the solution.
In this thesis one important application envisaged was to develop joints for one of the most
critical fields - invasive medical microdevices. Thus, two dissimilar materials NiTi and Ti6Al4V
were selected, since these are the typical alloys used for the production of invasive medical devices.
The main conclusions of the study are summarized as follows:
• As-deposited multilayers
– From the 4 nm, 12 nm, 25 nm and 75 nm period Ni/Ti multilayers produced, only the
12 nm and 25 nm have the capability for joining applications; the lowest periods have a
high intermixing degree while the highest one has a slow reaction.
– The as-deposited multilayers have similar morphology and microstructure whatever the
substrate; the only difference is the grain size, which is dependent of the period and,
consequently, the diffusivity is different; the phases are titanium and nickel. Nickel has
higher ordering than titanium.
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• Ni/Ti reaction
– The reaction temperature depends on the period, but the thermal cycle has an important
role in the reaction temperature.
Heating rate Λ =12 nm Λ =25 nm
Low 400 ◦C 375 ◦C
Medium 350 ◦C 329 ◦C
High 338 ◦C 316 ◦C
– Whatever the period, the final product at the reaction temperature is always B2-NiTi;
the reaction develops in three different stages: nucleation, grain growth and stabilization.
• Heat treatment
– NiT i2 is always present for heat treatment temperature higher than the temperature of
reaction of 432 ◦C (Λ =12 nm) and 443 ◦C (Λ =25 nm), when the substrate is Ti6Al4V,
due to Ni diffusion into the β-Ti phase; however, in NiTi thin film/NiTi bulk side no
sign of diffusion was detected.
– At higher temperatures (≥750 ◦C) the transformation from B2-NiTi to NiT i2 is prac-
tically complete. The use of a barrier diffusion layer, based on W, revealed itself to be
not effective: Ni still diffuses to the Ti6Al4V substrate.
• Dissimilar joining
– Heat and Pressure
The multilayers’ exothermal reactive character enabled the production of sound joints
at low bonding temperature (600 ◦C), using the selected multilayer periods, which is
significantly lower than for the conventional diffusion bonding processes or in other
similar multilayer fillers; if selected bonding temperature is > 600 ◦C, the formation of
the brittle NiT i2 phase increases. The different thermal properties between the parts
to be joined, play an important role on the grain morphology in the bond zone.
– The role of LASER (Femtosecond) as igniter of Ni/Ti multilayers reaction
Ni/Ti freestanding nanomultilayers (≈2.5 µm) exhibit self-propagation when ignited with
femtosecond laser pulses. However, it is impracticable to join different materials, with
high conductivity and heat capacity higher than air, using the selected multilayers with
a total thickness of 5 µm. Proof that is possible to increase the thickness of thin films
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without loss of adhesion and increasing of stress state is lacking. Whatever the base
material to be joined, even if it has low thermal conductivity/heat capacity, the ignition
does not induce the reaction propagation, due to thermal losses. LASER only gives rise
to a nanopattern with a periodicity lower than the laser wavelength, while maintaining
the internal nanolayered structure.
In conclusion, it is demonstrated that is possible to use nanoperiod modulation Ni/Ti multilayers
to join the selected dissimilar materials - TiNi (SMA) and Ti6Al4V however, for the selected
conditions (thickness), there are limitations in the design of the device.
In order to complement the research work new future research lines can be delineated:
• Modelling of thermal heat losses for a system where the temperatures of melting are simi-
lar (Ni/Ti) in order to define the number of nanolayers or the total thickness for the self-
propagating regime; despite Rabinovish’s model valid general character, it was developed for
Ni/Al [Rabinovich et al., 2007].
• Other solutions for joining complex geometries must be studied.
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A.1 Paper 1 - In-situ thermal evolution of Ni/Ti multilayer thin
films
This paper was submitted and accepted in Intermetallics.
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a b s t r a c t
Nickel and titanium alternated nanolayers were deposited from Ti and Ni targets. The multilayer thin
films were designed in order to have equiatomic overall chemical composition with a period from 5 to
70 nm. The chemical composition, morphology, structure and phase transformation behaviour were
studied. The surface and cross-section morphology of the as-deposited thin films was analysed by atomic
force microscopy (AFM) and scanning electron microscopy (SEM). The Ni/Ti thin films present in their
surface nanograins and for higher periods in cross section it was possible to distinguish the alternated
layers and measure their thickness. The structural evolution with temperature was analysed by in-situ
hot stage X-ray diffraction (XRD). The as-deposited multilayer thin films exhibit a tendency to a tran-
sitory disorder as the period decreases. For the smaller periods a disordered phase forms during the
deposition process, while in Ni/Ti multilayers with higher periods this phase is only observed during
annealing. By increasing the temperature an exothermic reaction occurs with the formation of the
B2-NiTi austenitic phase. In spite of moderate enthalpy of mixing, the multilayers with intermediate
modulation period of Ni/Ti films show potential to be used for joining purposes.
 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Reactive multilayers have potential utility for the synthesis of
intermetallic compounds, but also for macro and micro joining
solutions. Nanostructured reactive multilayers are constituted by
tens up to thousands of alternating individual nanolayers of metals
having a large negative Gibbs free energy of mixing. These multi-
layers can exhibit fast and exothermal reactions that could be
ignited by an external energy source. Local heating starts the re-
action, releasing heat that drives the reaction forward.
Typically, reactive multilayer thin films are deposited by sput-
tering or evaporation [1]. Magnetron sputtering deposition tech-
nique allows easy control of the deposition rate and flexible
adjustment of the film chemical composition. These multilayers
present low levels of impurities and close contact between the
reactive layers is promoted.
Intermetallic compounds can be produced from multilayer thin
films. There are a few papers on the phase formation and reaction
in Ni/Ti multilayers [2e4]. However, due to its moderate enthalpy
of mixing, the NieTi system has received little attention for joining
applications; although the reaction product, NiTi, has promising
mechanical properties e pseudoelasticity and shape memory effect
(SME) [5]. The physical basis of the NiTi shape memory effect is the
reversible transformation from the ductile martensitic phase with
the B190 structure to the stiffer high temperature austenite phase
with the B2 structure. The phase transformation temperatures of
NiTi alloys are very sensitive to chemical composition variation;
stoichiometric deviations cause a decrease in the transformation
temperatures [6,7]. For about 20 years now, thin films of shape
memory alloys (SMAs) based on NiTi are being developed for micro
electro mechanical systems [8]. When compared with NiTi bulk
alloys, NiTi films exhibit fast cooling rates because of their higher
surface/volume ratio. Even though several strategies have been
proposed, the deposition of NiTi films with controlled stoichiom-
etry remains a challenge e there is no unique and ideal method-
ology. Among others, NiTi films can be processed by heat treatment
of Ni/Ti multilayer thin films composed of Ti and Ni layers. It should
be noted that Ni/Ti multilayers with a 1:1 stoichiometry often react
to form multiple phases characterized by fairly complex XRD scans
[9]. The NieTi system is also considered as a model system for
demonstrating solid state amorphization reaction [10,11]. Systems
exhibiting solid-state amorphization are thought to obey two
criteria: i) a large negative Gibbs free energy of mixing, and ii)
anomalously fast diffusion of one of the constituents [10]. The Nie
Ti system fulfils both requirements. Therefore, the study of Ni/Ti
multilayers is interesting both, from the basic as well as from the
application point of view.
The aim of the present work is to study the synthesis and
characterization of Ni/Ti multilayer thin films having in mind the
* Corresponding author. Tel.: þ351 239790700; fax: þ351 239790701.
E-mail address: andre.cavaleiro@dem.uc.pt (A.J. Cavaleiro).
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potential application of these materials for micro joining purposes.
Nanolayered thin films with different modulation periods were
deposited by magnetron sputtering from different targets. After
deposition, morphology/topography and phase composition of the
multilayer filmswere studied, while their structural evolution upon
thermal annealing was followed in-situ.
2. Experimental details
2.1. Deposition technique
Nickel/titanium multilayer thin films were deposited by dc
magnetron sputtering in pure Ar at 0.35 Pa using a rotating substrate
holder. The substrates were on a thick copper block, which act as a
heat sink keeping the substrates’ temperature close to 100 C during
the deposition process. The substrates used were stainless steel (SS)
AISI 316L, austenitic B2 NiTi, Tie6Ale4V and Si, whichwere polished
andcleanedusing standardmethodologies (except SS316LandSi that
were already one-side mirror polished). Ti (99.99%) and Ni (99.98%)
were the targets. The Ti target functioned at 6.2  102 W mm2,
while theNi target powerdensitywas adjusted in order to achieve an
overall chemical composition close to 50 at.%Ni.Multilayer thinfilms
w2 mm thickwithmodulation periods ranging from 5 to 70 nmwere
deposited by varying the rotation speed of the substrates.
2.2. Characterisation techniques
An electron probe microanalyzer (EPMA) (Cameca SX50) was
used to evaluate the overall chemical composition of the multilayer
thin films. The surface morphology/topography was analysed using
an atomic force microscope (AFM) in tapping mode (Bruker
Innova), while the surface and cross-sectional morphologies were
observed by field emission scanning electron microscopy (FE-SEM,
FEI QUANTA 400 F) equipment operating at 15 kV.
The crystal structure of the films under study was examined
using a micro X-ray diffractometer (PANalytical X’Pert PRO m
diffractometer) with Cu Ka radiation (l ¼ 0.154056 nm) and a
conventional diffractometer (Philips X’Pert) with Co Ka alpha ra-
diation (l¼ 0.178897 nm). In both cases, BraggeBrentano geometry
was used. In-situ XRD measurements at elevated temperatures
were carried out on the conventional diffractometer with a hot
stage enclosed in a vacuum chamber. The Ni/Ti multilayer thin films
were heated at a rate of 40 C min1 to the selected temperatures,
where diffractograms of isothermal scanswere acquired after a pre-
defined stabilizing period. The start, final and increment temper-
atures were also previously defined. A final XRD scan was acquired
after cooling down (60 C min1) to room temperature.
3. Results and discussion
3.1. As-deposited films
EPMA analyses were only carried out on multilayer thin films
with modulation periods below 25 nm. The results revealed overall
Ni contents between 49.4 and 50.4 at.%. Since all the multilayers
were produced using similar experimental conditions, the multi-
layer thin films with higher periods should also have the desired
equiatomic chemical composition.
Fig. 1. Typical AFM images of Ni/Ti multilayer thin films with a) 5, b) 11, c) 25 and d) 70 nm period (5 mm  5 mm scans).
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Figs. 1 and 2 show typical AFM images of Ni/Ti multilayer thin
films with different modulation periods deposited onto silicon
substrates. Fairly uniform surface topographies, exhibiting nano-
grains, can be observed (5 mm  5 mm and 1 mm  1 mm scans). As
the period decreases, a tendency for smaller grains is observed
which is corroborated by the surface roughness values. The pres-
ence of the interfaces limits the grain growth in the nanolayered
thin films, being possible to indirectly control the grain size by
adjusting the deposition parameters, namely the substrate rotation
speed that regulates the modulation period. The surface roughness
parameters Sa and Sq measured by AFM analysis function of
multilayer period are presented in Fig. 3. Both, Sa and Sq, increase
with the modulation period. According to P.D. Tall et al. [12] the
surface roughness of NieTi films is very sensitive to the deposition
conditions. The surface morphology of the Ni/Ti thin films under
study is typical of magnetron sputtered films with columnar
growth. In the micrograph (SEM) of a multilayer thin film with
11 nmperiod deposited ontoNiTi (Fig. 4), it is possible to distinguish
the grains and confirm their nanometric character. The films with
different periods exhibit similar surface morphologies. Cross-
section micrographs (SEM) of fractured substrates coated with Ni/
Ti multilayers (L ¼ 25 and 70 nm) are shown in Fig. 5. Through the
use of backscattered imaging it is possible to clearly distinguish the
two sputtered materials revealing a multilayer thin film, with a
columnar growth and parallel interfaces (Fig. 6). Due to limitations
regarding lateral resolution of the technique it is not possible to
distinguish the different layers when observing the smaller periods
(5 and 11 nm). The measured modulation periods (25 and 70 nm)
using this technique are in accordance with the estimated values
(period ¼ total thickness/(deposition duration * rotation speed).
XRD analyses were carried out for multilayer thin films with
different periods deposited onto different substrates, using the
same conditions. The exemplificative room temperature X-ray dif-
fractograms of the 25 nm period multilayer (Fig. 7) reveal the
presence of the equilibrium phases f.c.c. nickel (ra ¼ 0.124 nm) and
h.c.p. titanium (ra ¼ 0.147 nm), independently of the substrate
Fig. 2. Typical AFM images of Ni/Ti multilayer thin films with a) 11 and b) 25 nm
period (1 mm  1 mm scans).
Fig. 3. Sa and Sq of Ni/Ti multilayer thin films function of period.
Fig. 4. SEM micrograph of the 11 nm period Ni/Ti multilayer thin film.
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whose diffraction peaks are always present. Regarding the Ti-phase
differences on the relative intensities of the peaks can be observed,
in particular for the NiTi substrate. The main gamma-Fe diffraction
peak is close to the Ni (111) diffraction peak and therefore it is not
possible to clearly separate both, resulting in a peak slightly
broader than for the other substrates. Moreover, when comparing
different periods a tendency for a disordered structure is observed,
by the reduction in XRD peak intensity and increase of the full
width at half maximum (FWHM) with the decrease of the modu-
lation period (Fig. 8). For short periods, the more pronounced
nanometric character together with the reduced layer thicknesses
increase the specific surface area and consequently the diffusion
between Ni and Ti. For the lowest period (5 nm) it is very difficult to
distinguish Ni and Ti peaks. Instead, a broad diffuse peak charac-
teristic of a highly disordered or amorphous structure appears due
to the formation of a solid solution where the atomic radius dif-
ference is significant. This behaviour, typical for short period Ni/Ti
multilayer thin films, was first reported and discussed by B.M.
Clemens [13]. It was also detected for other similar systems, such as
NieAl (raAl¼ 0.143 nm) [14]. According to different authors, in Ni/Ti
multilayers an amorphization of initially crystalline multilayers
takes place in the temperature range between 200 C and 400 C
[10,13,15]. In the present study, the substrates were not cooled
which makes possible the formation of a disordered phase along
the Ni/Ti interfaces and in grain boundaries during the deposition
process, especially for short period multilayer thin films. For 5 nm,
the disordered phase at the interfaces constitutes a large fraction of
the multilayer. As the modulation period increases the effect of the
interface is attenuated and the XRD diffractograms reveal the
crystalline Ti and Ni individual layers (Fig. 8).
3.2. Structural evolution with temperature
Unlike other exothermic systems, Ni/Ti films with a 1:1 stoi-
chiometry often react to form multiphases [9]. Different interme-
tallic phases can be presente B2-NiTi, B190 NiTi, NiTi2, Ni3Ti, Ni4Ti3.
At higher temperatures, the formation of oxide phases should also
be considered.
The reactions occurring during annealing of the Ni/Ti multilayer
thin filmswere studied in-situ by hot X-ray diffraction. According to
the literature the formation of the austenite NiTi phase should
occur at temperatures close to 350e400 C. Therefore, a thermal
cycle with 25 C increments in the temperature range 300e400 C
was predefined. The X-ray diffractograms of the shortest period
multilayer (Fig. 9) confirm the formation of the B2-NiTi austenite
phase at 400 C. However, together with the (110) B2-NiTi diffrac-
tion peak, a broad peak is still present. At 450 C, the intensity of
(110) B2-NiTi peak increases and the broad peak is no longer pre-
sent, showing that this temperature is enough to promote diffusion
and extinction of the disordered phase. The absence of other B2-
NiTi diffraction peaks reveals a preferential orientation along the
(110) plane. Increasing further the temperature (above 500 C),
promotes the oxidation of the films with the formation of rutile
titaniumdioxide. The oxidation of Ti causes a Ni enrichment leading
Fig. 5. Cross-sectional SEM micrographs of as-deposited Ni/Ti multilayer thin films with a) and b) L ¼ 25 nm and c) and d) L ¼ 70 nm. Grey and dark layers correspond to (Ni) and
(Ti), respectively.
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to the appearance of the Ni3Ti phase (Fig. 9). For the Ni/Ti multilayer
with L ¼ 11 nm the phase evolution is similar to the one observed
forL¼ 5 nm, except that at 400 C there is no sign of the disordered
phase and the reaction seems to be completed. In the as-deposited
multilayer film with 25 nm period it is possible to identify Ti (002)
and Ni (111) diffraction peaks, but as the temperature increases the
film undergoes a loss of structural order (Fig. 10). In this case, the
deposition temperature (w100 C) is not enough to promote
intermixing and diffusion due to the higher grain size and diffusion
distances when compared to the short period multilayers. There-
fore, the loss of structural order is observed during the first steps of
annealing (Fig. 10, 300 < T < 350 C). At 375 C the film evolves
towards the formation of B2-NiTi. According to the diffractograms
(Fig. 10), the transformation seems to be completed. Again, by
increasing the temperature up to 600 C it is possible to identify the
TiO2 and Ni3Ti phases, besides the B2-NiTi major phase. For the
Fig. 6. Electron backscattered cross-sectional SEM micrographs of as-deposited Ni/Ti
multilayer thin films with a) L ¼ 25 nm and b) L ¼ 70 nm. Grey and dark layers
correspond to (Ti) and (Ni), respectively.
Fig. 7. XRD diffractograms (Cu Ka radiation) of 25 nm period Ni/Ti multilayer thin
films deposited onto different substrates. Substrates’ diffraction peaks are labelled with
“S”.
Fig. 8. XRD diffractograms (Co Ka radiation) of as-deposited Ni/Ti multilayer thin films
with different periods. Si substrate.
Fig. 9. Hot-stage diffractograms (Co Ka radiation) of the Ni/Ti thin film with 5 nm
period. Stainless steel substrate diffraction peaks are labelled with “S”.
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highest period a similar behaviour is observed. However, in this
case these processes require slightly higher temperatures to be
completed.
In order to highlight the differences for the various periods,
X-ray diffractograms at a few selected temperatures are shown
in Fig. 11 (stainless steel substrate). At 300 C the films are
essentially nanocrystalline or amorphous, except for L ¼ 70 nm
where particularly the Ni diffraction peak is still perfectly
defined (Fig. 11(a)). At 375 C the presence of B2-NiTi is detected
for the multilayers with 25 and 70 nm period, while the smaller
periods remain disordered (Fig. 11(b)). It should be highlighted
the relative intensity between the (110) B2-NiTi peak and (111)
g-Fe substrate peak, indicating that the phase evolution for
L ¼ 70 nm is not completed. In this film, the relative intensity of
the B2-NiTi peak significantly increases at 400 C. At the same
time, for the smaller periods the formation of austenite NiTi
takes place (Fig. 11(c)). Comparing Fig. 11(c and d) for L ¼ 5 nm
the phase evolution process is only completed at 450 C. In
previous works with electron beam evaporated and sputtered
Ni/Ti multilayers the formation of austenite NiTi from an initial
amorphous Ni/Ti multilayer with short period also occurred at
higher temperatures than when the multilayers (with thicker
individual layers) undergo amorphization followed by phase
formation [11,16]. For the higher periods, the solid state dis-
ordering takes place mainly during annealing, while in Ni/Ti
multilayers with smaller periods amorphization occurs during
the deposition process.
Contrarily to other systems [17], in the case of the Ni/Ti multi-
layer thin films under study, and in accordance with the overall
chemical composition, upon annealing the equiatomic B2-NiTi
phase is always the first crystalline phase to form, even for modu-
lation periods of 70 nm. In fact, Ti and Ni-rich intermetallic
Fig. 10. Hot-stage diffractograms (Co Ka radiation) of the Ni/Ti thin film with 25 nm
period. Stainless steel substrate diffraction peaks are labelled with “S”.
Fig. 11. XRD diffractograms (Co Ka radiation) for Ni/Ti multilayer thin films with different periods at a) 300, b) 375, c) 400 and d) 450 C. Stainless steel substrate diffraction peaks
are labelled with “S”.
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compounds were not detected before the formation of the equi-
librium NiTi. For higher modulation periods, the effective diffusion
lengths required for homogenizing increase which would make the
formation of nonequiatomic phases more likely. On the other hand,
for short periods the intermixed layer constitutes a large portion of
the films, reducing the amount of energy released. Therefore, the
multilayers with intermediate periods seem the most promising to
be used for joining purposes.
Ni/Ti reactive multilayer thin films can be used to enhance the
diffusion bonding process, taking advantage of their improved
diffusivity/reactivity and exothermic character. In fact, sound joints
(without pores or cracks) of TiAl to itself [18,19], TiAl to Inconel [20]
and NiTi to Ti6Al4V [21] have already been produced by reaction
assisted diffusion bonding using as filler material Ni/Al or Ni/Ti
multilayers with nanometric periods. The joints were processed at
less demanding bonding conditions (temperature, pressure or
time) even using low energy multilayers, such as Ni/Ti.
4. Summary
Ni/Ti multilayer thin films with equiatomic chemical composi-
tion and nanometric modulation periods were prepared by
magnetron sputtering. The surface and cross-sectional morphology
of the films is similar for the different periods studied, with the
grain size decreasing for the smaller periods. During the deposition
process intermixing and solid state disordering must have occurred
at the interfaces, which is particularly notorious for the shortest
period Ni/Ti multilayers. For the higher periods, a loss of structural
order occurs only during the first stages of annealing. Increasing the
temperature up to 375 Ce425 C leads to the formation of B2-NiTi
austenite phase for all periods; for the higher periods this phase is
identified at slightly lower temperatures than for the films with
smaller periods. Undesired Ti- and Ni-rich intermetallic phases
were not identified.
Taking the present results into account, the Ni/Ti multilayer thin
films under study could be used for micro joining purposes. The
multilayer thin films with intermediate modulation period seem
the most promising ones.
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In Situ Phase Evolution of Ni/Ti Reactive Multilayers
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Joining shape-memory alloys (SMA) to other materials is strongly required in order to enlarge their fields
of application. Fusion welding induces strong compositional and microstructural changes that significantly
affect the shape-memory effect and the superelastic behavior of these alloys. The exothermic and in some
cases self-propagating character of some nano-multilayer reactions is explored in this study as an alter-
native for joining SMA. To follow these very fast reactions, high brilliance sources, such as synchrotron
radiation, are required. In situ high-resolution x-ray diffraction data, giving the phase evolution sequence
with temperature of the Ni/Ti multilayer thin films under study, are presented. A correlation between the
multilayer design and the tendency for the sequence of phase formation is established.
Keywords advanced characterization, intermetallic, x-ray
1. Introduction
Joining is literally where all parts of the manufacturing
process come together, and thus joining processes are essential
to virtually any manufactured product. There is no universal
process that will perform adequately on all materials in all
geometries. The perfect joint is indistinguishable from the
material surrounding it, and some processes, such as diffusion
bonding, come very close to this ideal. Joining of two different
materials (dissimilar joining) leads to a much more complicated
situation requiring each materials properties to be taken into
account. An interlayer or filler material may be needed when
the parts are not compatible (Ref 1). Reactive multilayer thin
films/foils have high potential as filler material and as an
additional energy source for joining applications. Reactive
multilayers are composed of tens, hundreds, or thousands of
alternating individual layers of reactants having a large negative
enthalpy of mixing. For certain designs, these multilayers
exhibit fast, high-temperature reactions that could be ignited by
an external energy source such as an electric spark or a
mechanical load (Ref 2). Local heating initiates the reaction
locally, releasing heat that drives the reaction forward.
The potential application and the commercial development
of NiTi shape-memory alloys (SMA) have been limited by the
difficulties of joining these materials in similar and dissimilar
joints as are examples Ti6Al4V alloy and AISI316LN stainless
steel (for biomedical applications). The temperature of the
martensitic transformation is strongly dependent on the chem-
ical composition and thermal cycles; fusion welding irrevers-
ibly affects the mechanical behavior of SMA alloys. However,
recent advances have been reported where Nd/YAG laser has
been applied successfully to join similar SMA materials (Ref 3)
but research is still required to minimize the thermal impact on
the base material.
The use of the exothermic and self-propagating nature of
some nanoscale multilayer (ML) reactions constitutes a pow-
erful alternative for joining SMA to themselves and especially
to other alloys. Therefore, a new approach for joining SMA
using reactive nanolayers is aimed.
Different approaches could be envisaged when using
reactive ML. For some years now, Ni/Al reactive multilayers
are being used as local heat sources to melt brazing alloys, and
hence improving the brazing technology (Ref 4). In the reactive
brazing process, a free-standing reactive multilayer is placed
between two solder alloys. In addition, the reactive ML can also
be used to enhance the diffusion bonding process—reaction-
assisted diffusion bonding—by taking advantage of the
improved diffusivity and reactivity of the alternating nanomet-
ric layers deposited by sputtering onto the materials to be joined
(Ref 5-7). The increased diffusivity and reactivity of the
multilayers is used to promote bonding at reduced temperature,
pressure, and/or time. Whatever the purpose, a profound
knowledge of the reactive ML is required, namely in situ high
temperatures studies regarding phase evolution. In previous
papers, phase formation and reaction in Ni/Ti multilayer thin
films were studied by differential scanning calorimetry and ex
situ x-ray diffraction (XRD) using Cu radiation (Ref 8-10).
Self-propagating reactions in Ni/Ti multilayers were studied by
Adams et al. (Ref 11). After reaction, one or more NixTiy phases
can be identified, depending on the modulation period (Ref 11).
So far, special attention has been paid to the Ni-Al and Ti-Al
systems (Ref 12, 13). The aim of this study was to establish the
phase evolution with temperature of Ni/Ti ML thin films with
different modulation periods, deposited onto different sub-
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strates (NiTi and Ti6Al4V) using in situ high-temperature
synchrotron radiation XRD.
2. Experimental Procedure
Ni/Ti multilayer thin films with overall equiatomic chemical
composition were prepared by d.c. magnetron sputtering. Ni
and Ti alternated nanolayers were deposited onto NiTi and
Ti6Al4V substrates at 0.4 Pa argon pressure from pure Ni and
Ti targets operating simultaneously. The targets power supplies
were adjusted in order to achieve the desired chemical
composition. To obtain ML thin films with different modulation
periods (bilayer thickness), the rotation speed of the substrates
was varied (each rotation results in a bilayer). Ni/Ti films
2-2.5 lm thick with 4 and 25 nm modulation periods (K) were
produced and characterized.
For the in situ XRD experiments at BM20, ESRF France,
using synchrotron radiation, the Ni/Ti multilayer thin films
were placed in a furnace equipped with thermocouples (on the
heating element and on the top of the sample surface) and
kapton windows, which was mounted on a six-circle goniom-
eter. The incident x-ray beam was monochromatized to
11.5 keV (k = 0.1078 nm). The following thermal cycle was
adopted: temperature increase from 50 to 600 C with steps of
25 C. At each temperature step, h-2h scans were run in the
interval 20< 2h < 35, with D2h = 0.005 and acquisition
time of 0.5 s per point.
3. Experimental Results and Discussion
The Ni/Ti ML thin films were analyzed by scanning and
transmission electron microscopy, allowing the layered struc-
ture to be identified, even for individual layers of 2-3 nm (Ref
14). As an example, a scanning electron microscopy (SEM)
image of a 25-nm-period Ni/Ti ML thin film is shown in Fig. 1.
The alternate Ni and Ti nanometric layers are perfectly
distinguishable. After deposition, Ni and Ti layers present a
quasi-amorphous structure, in particular for the short-period
multilayers (Ref 14). Heat treatments lead to disruption of the
nanolayered structure by rapid interdiffusion followed by
Fig. 1 Cross-section SEM micrograph of a Ni/Ti ML thin film with
K = 25 nm. Gray and dark layers correspond to (Ni) and (Ti),
respectively
Fig. 2 3D superposition of XRD patterns during heating of Ni/Ti ML thin films with (a), (c) K = 4 nm, and (b), (d) K = 25 nm. (a), (b) NiTi
substrate; (c), (d) Ti6Al4V substrate
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chemical reaction to form intermetallic compounds. Figure 2
shows the XRD data obtained, as 3D plots, where the X axis
represents the 2h angle (20< 2h < 35), the Y-axis is the scan
number (temperature progressing from back to front of the
graph), and the intensity is represented in log10 scale (Z-axis).
During heating, the Ni and Ti of the multilayer thin films react
to form the B2-NiTi austenite phase. The reaction of the MLs to
produce B2-NiTi occurs in a short period of time and within a
very narrow temperature interval. According to the XRD data
of the Ni/Ti films deposited onto Ti6Al4V substrates, the
formation of B2-NiTi starts at lower temperatures for the 25 nm
period ML (Fig. 2(c) versus (d)). The sample temperature for
the B2-NiTi formation is close to 320 and 385 C for
modulation periods of 25 and 4 nm, respectively (Ti6Al4V
substrate). Although the start of the NiTi formation is much
more clear using Ti6Al4V substrates particularly in larger ML
period (25 nm), all the other situations are easily identified
(Fig. 2). In addition to the austenite phase, the presence of the
NiTi2 phase is detected for higher temperatures (Fig. 2). As the
temperature increases above 500 C, it is possible to observe
new peaks corresponding to the NiTi2 phase, which are more
evident for K = 4 nm. This fact could be attributed to small
differences in the overall chemical composition of the Ni/Ti
MLs with K = 4 and 25 nm. The diffusion of Ti from the
substrates could favor the precipitation of NiTi2, as well as Ni
diffusion in the opposite direction (towards the substrate). This
effect could be particularly important for the Ti6Al4V sub-
strate. In order to highlight the different phases involved, XRD
scans at selected temperatures are presented in Fig. 3 with the
respective phase identification. In the essential, the referred
formation of B2-NiTi followed by the appearance of NiTi2 is
confirmed. At the reaction temperature, a broader (110) B2-
NiTi diffraction peak is detected, which tends to become
narrower as the temperature increases, revealing an increase in
the grain size. At the final temperature, the B2-NiTi (100)
diffraction peak is also present. After cooling to room
temperature, besides B2-NiTi (major phase) and NiTi2, it was
possible to detect the presence of R-phase.
The XRD data obtained using the synchrotron radiation
enabled the identification of the reaction initiation and the
structural evolution sequence of Ni/Ti ML thin films. Whatever
the period, the following phase evolution with temperature was
identified: Ni + Ti fi B2-NiTi fi B2-NiTi + NiTi2. Further
studies will be carried out including other ML systems (namely
Pd/Al) and the effect of the substrate on the reaction.
4. Conclusions
The phase evolution of Ni/Ti ML thin films was studied by
synchrotron radiation hot XRD. The in situ study using
synchrotron radiation was effective in resolving phase forma-
tion sequence in Ni/Ti ML thin films. Ni and Ti react to form
the B2-NiTi austenite phase, and the reaction temperature is
influenced by ML period; the higher the period, the lower the
reaction temperature. Due to the occurrence of diffusion,
increasing further the temperature leads to the appearance of
another intermetallic phase—NiTi2. In this case, the substrate
could play an important role.
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Abstract
X-ray diffraction using synchrotron radiation was used for real-time investigation of the phase
evolution during annealing of Ni/Ti multilayer thin films. These multilayers were deposited onto
Ti-6Al-4V substrates by dc magnetron sputtering from pure Ni and Ti targets. The deposition
parameters were adjusted in order to obtain a near equiatomic chemical composition and modula-
tion periods (Λ) below 25 nm. Along the entire thickness of the films, well-defined structures with
alternate Ni- and Ti-rich layers are observed, even for Λ = 4 nm. In this case, a halo characteristic
of an amorphous structure is obtained, while for Λ of 12 and 25 nm the as-deposited thin films
are nanocrystalline being possible to identify the (111) Ni and (002) Ti diffraction peaks. The
nanolayered structure vanishes during annealing due to interdiffusion followed by reaction. The
reaction between Ni and Ti to produce NiTi in the cubic B2 structure occurs in a short delay of
time and within a narrow temperature range. For Λ of 25 nm, 12 nm and 4 nm, the reaction tem-
perature is close to 320 ◦C, 350 ◦C and 385 ◦C, respectively. For higher temperatures, in addition
to the austenitic phase, the NiT i2 phase is identified. The diffusion of Ti from the substrate and
Ni towards the substrate could favour the precipitation of NiT i2.
∗Corresponding author
E-mail address: andre.cavaleiro@dem.uc.pt
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1. Introduction
The Ni-Ti system raises interest, not only due to the unique thermo-mechanical properties of the
NiTi Shape Memory Alloy (SMA), known as Nitinol; but also as a model system for demonstrating
solid state amorphization reaction [1].
Crystallized binary NiTi SMAs transform martensitically from cubic B2 (CsCl type) austenite
phase into monoclinic B19’ martensite either directly or via rhombohedral R-phase [2]. Among
others, Nitinol alloy exhibits two closely related unique properties, i.e. superelasticity (SE) and
shape memory effect (SME) [3]. SE is a phenomenon associated with stress-induced detwinned
B19’ while SME refers to the situation in which the alloy deformed at a certain temperature (below
the martensite-finish temperature, Mf) is capable to recover its original, un-deformed shape upon
heating above its transformation temperature (austenite-finish temperature, Af).
Ni/Ti multilayer thin films can be used to study the formation of the NiTi reaction product and
the formation of an intermediate amorphous phase. In fact, nickel titanides, particularly as thin
films, can be formed through an exothermic reaction by heat treating alternate nanolayers of Ti and
Ni [4-6]. In addition, the multitude of interfaces makes multilayer thin films convenient to study
solid state amorphization. According to M.A. Hollanders et al. [1], annealing of polycrystalline
Ni/Ti multilayers at 250ºC leads to amorphization at both, the Ni/Ti interfaces and the grain
boundaries in the sublayers. Solid state amorphization was also observed in mechanically deformed
Ni/Ti multilayers prepared by cold rolling [7].
According to a previous paper [8], magnetron sputtered Ni/Ti multilayer thin films exhibit
a tendency for amorphization as the modulation period (Λ) decreases. For the smaller Λ amor-
phization seems to occur during the deposition process, while in Ni/Ti multilayers with higher Λ
an intermediate disordered state is observed during annealing as ascertained by hot stage X-ray
diffraction (XRD). By increasing the temperature, crystallization occurs with the formation of the
B2-NiTi austenitic phase [8]. Although with a exothermic reaction and rather low reaction en-
thalpy, the Ni/Ti films show potential to be used for joining purposes. However, there are still
unclear aspects, like a detailed description of the Ni/Ti thin films’ microstructure, as well as of
the phase transformation sequence they undergo. Therefore, a more profound characterization of
these multilayer thin films is required in order to use them for joining applications. The possibility
of performing in-situ studies using synchrotron radiation will give valuable information. In fact,
in-situ XRD using synchrotron radiation has proven extremely effective in resolving phase forma-
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tion sequences in multilayer thin films. So far, special attention has been paid to phase formation
in the Ni-Al and Ti-Al systems [9,10]. The objective of this work is the real-time investigation
of the phase evolution during annealing of magnetron sputtered Ni/Ti multilayer thin films us-
ing synchrotron radiation. This investigation is backed with microstructure characterization using
transmission electron microscopy.
2. Experimental Details
Deposition Technique
Ni/Ti multilayer thin films were prepared by magnetron sputtering at 0.4 Pa Pa argon pres-
sure from pure Ti (99.99 %) and Ni targets (99.98 %), in a chamber evacuated to approximately
3× 10−4 Pa. The Ti-6Al-4V substrates were mounted on a rotating holder made of Cu which allows
their temperature to be kept below ≈100 ◦C. Prior to deposition the substrates were cleaned with
an ion gun. In order to achieve average chemical compositions ranging from 45 to 50 at.% Ni,
the Ti and Ni targets operated at 5.1× 10−2 W mm−2 and 2.5× 10−2 W mm−2, respectively. The
process started with deposition of a Ti layer to guarantee a good adhesion to the substrate, while
the outermost layer was Ni. The total nominal thickness of the films was in the range 2 µm to
2.5 µm. Modulation periods, Λ of 4 nm, 12 nm and 25 nm were obtained by varying the substrate
rotating speed.
Characterization Technique
The chemical composition of the as-deposited Ni/Ti multilayer thin films was routinely evalu-
ated using a Cameca SX 50 electron probe microanalysis equipment. The films’ microstructure was
characterized with the help of the Tecnai G2 F20 transmission electron microscope equipped with
High Angle Annular Dark Field (HAADF) detector. The thin foils for transmission observations
were cut by Quanta Dual Beam focused ion beam (FIB).
The phase transformations during the Ni/Ti multilayer thin films reaction were studied using
synchrotron radiation at the Materials Research station of the Rossendorf beam line (ROBL) at
the European Synchrotron Radiation Facility (ESRF) in Grenoble. The Ni/Ti multilayer films
were placed in a furnace mounted on a six-circle goniometer. The furnace was equipped with
thermocouples (heater and sample) and kapton windows for XRD. The incident X-ray beam was
monochromatized to 11.5 keV (λ = 0.1078 nm). Taking into account previous in-situ XRD exper-
iments the thermal cycle was defined as follows: temperature increase from 50 ◦C to 600 ◦C with
steps of 25 ◦C [8]. Isothermal θ-2θ scans (20 < 2θ <35°) were acquired at each temperature step.
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In addition, grazing incidence scans were performed at 600 ◦C and at the beginning/end of the
thermal cycles (≈ 25 ◦C). A micro-strip detector system (Mythen) for time-resolved experiments
with high angular accuracy was used.
3. Results and Discussion
3.1 As-deposited films
The Ni/Ti multilayer thin films were designed to have an average chemical composition approx-
imately equiatomic for all investigated modulation periods and therefore a 1:1.6 Ti:Ni thickness
ratio was applied. The EPMA results revealed a chemical composition that is slightly Ti enriched
(from 51 to 54 at.% Ti).
The scanning transmission electron microscopy (STEM)/HAADF investigations of the nominal
25 nm period Ni/Ti film confirmed the layered nanostructure with darker and lighter strips corre-
sponding to Ti and Ni, respectively (Fig. 1). The observations in bright field (BF) using diffraction
contrast showed that the individual layers are built of crystallites extending from bottom to top,
i.e. a kind of fine columnar microstructure as shown in figure 2. The measurements of the Ni/Ti
multilayer’s period based on these observations showed that it is close to 28 nm, slightly exceeding
the nominal value. The average thickness of Ti- and Ni-rich layers were found close to 15 nm and
13 nm, what makes the Ti:Ni thickness ratio close to 1.15, lower than the planned one. The mea-
surements of the multilayer’s period based on energy dispersive spectroscopy (EDS) line-scan also
gave Ti:Ni close to the latter result. At the same time, it should be noted that during deposition
intermixing occurred at the interfaces, i.e. there was always some Ni in the nominally Ti layers and
vice versa. The quantitative TEM EDS standardless analyses indicated that for this Λ (28 nm),
up to ≈15 at.% Ni is present in nominally Ti layers, while in nominally Ni layers ≈14 at.% Ti is
present. The cross-sectional high resolution transmission electron microscopy (HRTEM) observa-
tions confirmed that both Ni and Ti layers are built of heavily defected crystallites of fcc and hcp
symmetry, respectively (Fig. 3). The effect of intermixing is more pronounced as Λ decreases. In
the case of the Ni/Ti multilayer thin films with Λ =12 nm, in nominally Ni layers up to ≈40 at.%
Ti is found, and in nominally Ti layers even up to ≈45 at.% Ni is detected by EDS. Nevertheless, it
is still possible to distinguish the Ti- and Ni-rich layers as shown in figure 4. In the cross-sectional
BF TEM micrograph of an as-deposited film with Λ of 12 nm (Fig. 4(a)), it is possible to observe
the diffraction contrast from grains, especially in the Ni brighter layers. According to the selected
area diffraction (SAD) patterns in figure 4(c) and (d), the Ni/Ti multilayer with Λ of 12 nm nm is
nanocrystalline, while a halo characteristic of an amorphous structure is obtained for the multilayer
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with Λ of 4 nm. To confirm the structure of the short period multilayer, HRTEM analyses were
carried (Fig. 5). Even if locally it is possible to point a few atoms arranged in “ordered way”, fast
Fourier transform (FFT) from any area of HRTEM images indicate an amorphous material. Cho
and Miyazaki reported an as-sputtered Ni/Ti multilayer thin film composed of pure Ti (17 nm),
pure Ni (7 nm) and amorphous layers of 3 nm at every interface between Ti and Ni layers [11].
They suggested that each amorphous layer appears to be formed by collision of sputtered Ti atoms
with the Ni layer or sputtered Ni atoms with the Ti layer during sputtering. However, in our study
the possibility of inducing structural changes during the FIB cut cannot be discarded. Therefore,
non-destructive X-ray diffraction experiments were performed. For each Λ, before starting the ther-
mal cycle, θ − 2θ scans were acquired in order to confirm the as-deposited structure of the Ni/Ti
multilayers. It should be noted that, although the nanolayered thin films were grown without inten-
tional heating, the substrate reached temperatures of ≈100 ◦C during deposition. For the shortest
Λ, the grazing incidence XRD diffractogram in figure 6 shows only a broad peak around the most
intense Ti hcp and Ni fcc diffractions. No additional distinct crystalline peaks are found suggesting
a highly disordered or amorphous structure, and confirming the TEM analysis. The occurrence
of intermixing at the interfaces could explain the XRD pattern since the interfaces constitute a
significant portion of this film (Λ =4 nm). Considering that the interfaces could have a thickness
close to 2 nm and that the grain size in the individual layers is limited by their thickness, Ni and Ti
sublayers with quasi-amorphous structure are expected. As Λ increases, the Ni and Ti individual
layer thicknesses increase (the role of the interfaces is less important) and splitting into two XRD
diffraction peaks is observed (Fig. 7). For Λ = 12 nm two broad peaks are observed which could
be related to strongly smeared Ni (111) and Ti (002) diffraction peaks. Increasing Λ to 25 nm the
intensity of the peaks increase, in particular the Ni (111) one, indicating that the Ni sublayers are
more crystalline and textured than the Ti sublayers. This peak is shifted to lower angles due to
the presence of Ti in the Ni lattice. The XRD results of the as-deposited Ni/Ti nanolayered films
are consistent with those from Y. P. Lee et al. [12] where a tendency for amorphization is observed
as Λ decreases.
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Fig. 1. Cross-sectional STEM/HAADF
micrograph of an as-deposited Ni/Ti multi-
layer thin film with 25 nm period.
Fig. 2. Cross-sectional BF TEM micrograph of an
as-deposited Ni/Ti multilayer thin film with 25 nm pe-
riod.
Fig. 3. HRTEM of an as-deposited Ni/Ti multilayer thin film with 25 nm period.
a) b)
Fig. 4.(a) and (b) BF TEM micrographs of Ni/Ti multilayer thin films and (c) and (d) the
respective SAD patterns. (a), (c) Λ =12 nm and (b), (d) Λ =4 nm.
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c) d)
Fig. 4. Contd. (a) and (b) BF TEM micrographs of Ni/Ti multilayer thin films and (c) and (d)
the respective SAD patterns. (a), (c) Λ =12 nm and (b), (d) Λ =4 nm.
Fig. 5. HRTEM of an as-deposited Ni/Ti multilayer thin film with 4 nm period.
Fig. 6. Grazing incidence XRD pattern of an as-deposited Ni/Ti multilayer thin film with 4 nm
period.
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Fig. 7. XRD patterns of the as-deposited Ni/Ti multilayer thin films.
3.2 In-situ annealed films
The structural evolution with temperature of the Ni/Ti multilayer thin films was followed by
in situ XRD using synchrotron radiation. Figure 8 shows the XRD data obtained, as 3D plots.
Whatever the period, for high temperatures it is possible to clearly identify the (110) diffraction
peak of the B2-NiTi phase. In addition, by increasing further the temperature, besides the B2-NiTi
phase it is possible to identify the NiTi2 phase (Fig.8). For the shortest Λ multilayer, the initial
amorphous structure crystallizes into the austenitic phase, while for the 25 nmperiod multilayer
the intensity of the (111) Ni diffraction peak, as well as the (0.02) Ti diffraction peak, identified in
the as-deposited films gradually decrease before arising the (110) B2 diffraction peak. A few scans
were selected and presented in figure 9 for a better illustration of the structural evolution of this
multilayer. As it can be seen (Fig. 9a), the intensity of the Ni diffraction peak is progressively
attenuated indicating a loss of structural order with the increase of temperature. In the initial
steps of annealing Ni atoms are much more mobile and diffuse into relatively immobile Ti lattice,
decreasing the structural order degree. Afterwards, recrystallization occurs with the formation of
the NiTi austenitic phase at 328 ◦C. As the temperature increases, intermetallic phase formation
starts to occur at the interfaces because both Ni and Ti atoms take part in the diffusion process
[13]. Rising further the temperature, gives rise to an intensity increase of the B2 peak (Fig. 9b).
At the final heating temperature (526 ◦C), besides the B2-NiTi phase, it is also possible to identify
the NiT i2 phase. Grazing incidence diffraction confirms the presence of this phase in the thin
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film. Diffusion of Ni from the films towards the substrate and of Ti in the opposite direction
promotes an enrichment of Ti in the film, favouring the formation of the NiT i2 phase. The phase
composition after the heating cycle is the same for the Ni/Ti multilayer thin films with different
Λ. However, it should be noted that the reaction temperature depend on Λ. For multilayer thin
films with Λ of 12 and 4 nm, the reaction temperature is 350 and 385 ◦C, respectively. This result
was already observed during hot XRD experiments carried out with a laboratory X-ray source (Co
radiation) for multilayer thin films grown on stainless steel [8]. However, in that study it was not
possible to detect the presence of the NiT i2 phase [8]. Using the Arrhenius plot of diffusivity,
R. Gupta et al. [13] calculated the activation energy for Ni/Ti multilayers with different bilayer
periodicity. The activation energy determined for crystalline multilayers (Ea = 0.3 eV, Λ =10 nm)
is smaller than for amorphous multilayers (Ea = 0.45 eV, Λ =6 nm), indicating that interdiffusion
in amorphous multilayers is slower as compared to crystalline ones [13]. These values explain the
results obtained in the present study: lower period =⇒ amorphous structure =⇒ higher activation
energy for diffusion =⇒ higher reaction temperature.
a) b)
c)
Fig. 8. Contd. 3D plot of the XRD patterns of Ni/Ti multilayer thin films with (a) 4 nm, (b)
12 nm and (c) 25 nm.
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a)
b)
Fig. 9. (a) and (b) XRD patterns of the Ni/Ti multilayer thin film with 25 nm period at different
temperatures.
After cooling to room temperature (RT) the presence of the NiTi2 phase is clearly visible (Fig.
10). Furthermore, additional diffraction peaks compatible with the formation of the NiTi R-phase
were identified. According to the diffraction patterns shown in figure 10, lower Λ result in a broader
and less intense (110) B2 peak, suggesting a decrease of the crystallite size. After cooling to RT,
the films were removed from the furnace and then ex situ TEM analyses were carried out. Heat
treating the nanolayered films leads to disruption of the layered structure by interdiffusion of Ni
and Ti followed by reaction to form intermetallic compounds. The resulting microstructure for
the multilayer thin film with Λ of 25 nm is illustrated in the TEM images of figure 11. Starting
from the substrate, it is possible to differentiate three zones: i) a bottom layer of fine columnar
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grains enriched in Ti, ii) an intermediate zone consisting of roughly equiaxed B2 grains whose size
is close to the multilayer Λ, iii) and a TiN/TiOx layer at the surface. The columnar layer at
the interface with the substrate is identified as NiT i2. In the case of lower Λ, again there is a
NiT i2 columnar layer close to the substrate. The intermediate zone mainly composed of B2-NiTi
exhibits fine precipitates, in particular for the multilayer thin film with the shortest Λ (Fig. 12).
The precipitation of NiT i2 in NiTi alloys is widely reported in the literature [e.g. 14,15]. This
precipitation would explain the microstructure and the XRD patterns recorded at RT after the
heating cycle, according to which the presence of the NiT i2 phase is much more notorious for
the 4 nm period thin film. Here it is suggested that NiT i2 fine precipitates were formed by the
reaction between the B2-NiTi and residual Ti in the multilayer thin film since the as-deposited
multilayer thin film is slightly Ti-rich. Moreover, the diffusion of Ni from the films towards the
substrate and of Ti in the opposite direction promoting an enrichment of Ti in the film should not
be disregarded. Thus, it is suggested that the use of a Ti-6Al-4V substrate favours the formation
of a NiT i2 columnar layer close to the substrate.
Fig. 10. XRD patterns of the heat treated films after cooling to room temperature.
Ni/Ti reactive multilayers for joining 151
Appendix A. Papers
a) b)
c)
Fig. 11. Cross-sectional BF TEM micrographs of the heat treated Ni/Ti multilayer thin film with
25 nm period. (a) top, (b) middle and (c) bottom of the thin film.
Fig. 12. Cross-sectional BF TEM micrograph of the middle region of the heat treated Ni/Ti
multilayer thin film with 4 nm period.
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4. Summary
Ni/Ti multilayer thin films with different modulation periods,Λ, were deposited by magnetron
sputtering onto Ti-6Al-4V substrates. A disordered interfacial structure is formed in the as-
deposited Ni/Ti multilayers as a consequence of the energetic sputter deposition process. Nev-
ertheless, it was possible to obtain a nanolayered structure across the whole thickness of the films,
even for the shortest period multilayer (Λ =4 nm). During heating, reaction between Ni and Ti is
promoted with the formation of the desired NiTi austenitic phase. Reaction temperatures between
≈320 and 385 ◦C were observed - the lower the Λ, the higher the reaction temperature. Increasing
further the temperature, it was also possible to identify the presence of the NiT i2 intermetallic
phase. The formation of the NiT i2 brittle phase may be deleterious, since the objective is to use
these multilayer thin films for joining NiTi to Ti alloys. In order to hinder the formation of the
NiT i2 phase, deposition parameters leading to a near equiatomic chemical composition must be
used. Furthermore, the diffusion of Ni towards the substrate and of Ti from the substrate must be
avoided, which can be achieved by introducing a diffusion barrier between the substrate and the
multilayer thin film.
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Metallic nanolayered thin films/foils, in particular Ni/Al multilayers, have been used to promote joining. The ob-
jective of this work is to evaluate the thermal stability of nanoscale metallicmultilayers with potential for joining
applications. Multilayers thin films with low (Ti/Al and Ni/Ti), medium (Ni/Al) and high (Pd/Al) enthalpies of
exothermic reaction were prepared by dual cathode magnetron sputtering. Their thermal stability was studied
by: i) differential scanning calorimetry combined with X-ray diffraction (XRD), ii) in-situ XRD using cobalt radi-
ation, and iii) in-situ transmission electron microscopy. It was possible to detect traces of intermetallic or amor-
phous phases in the as-deposited short period (bilayer thickness)multilayers, except for the Ti/Al filmswhere no
reaction products that might be formed during deposition were identified. For short periods (below 20 nm) the
equilibrium phases are directly achieved upon annealing, whereas for higher periods intermediate trialuminide
phases are present for Ti/Al andNi/Almultilayers. The formation of B2-NiTi fromNi/Timultilayers occurswithout
the formation of intermediate phases. On the contrary, for the Pd–Al system the formation of intermediate phases
was never avoided.
Theviability of nanoscalemultilayers as “filler”materials for joiningmacro ormicroparts/deviceswas demonstrated.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
Reactive multilayer (ML) thin films are composed of tens, hundreds,
or thousands of alternating individual layers of reactants having a large
negative enthalpy of mixing. The layered structure is repeated through-
out the film with a modulation period (Λ) consisting in the thickness of
one double layer. The negative enthalpy of mixing of the constituents
results in heat release once reaction is initiated. For certain systems
and designs, reactive MLs exhibit fast exothermal reactions, attaining
high temperatures. The reactions could be ignited by an external energy
source such as an electric spark or amechanical load [1]. After reaction is
initiated, atomic mixing and diffusion take place generating heat at a
very fast rate. Heat is conducted down the films, promoting atomic
mixing and establishing a self-propagating chain reaction [1]. In nano-
scale/nanocrystalline MLs heat can be generated faster, increasing the
reaction velocity and enabling exothermic reactions to become self-
sustained.
The exothermic and self-propagating nature of reactive MLs
make them promising for several applications, including joining
[2]. In fact, reactive nanoscale ML foils and thin films have already
found use as a filler material, being particularly promising for
dissimilar joining. Reactive MLs can be used as stand-alone heat
sources or by using the energy released to melt surrounding solder
or braze alloys. For some years now, the heat released by the exo-
thermic reaction in nanolayered Ni/Al reactive ML foils is being
used to melt braze alloys, promoting joining [3–5]. In addition, reac-
tive MLs can be used to enhance the diffusion bonding process by
taking advantage of their improved diffusivity/reactivity and exo-
thermic character—reaction assisted diffusion bonding [6–8]. The
feasibility of this procedure has already been demonstrated for
similar and dissimilar joining using metallic ML thin films with
nanometric modulation periods (bilayer thickness) [9–14]. The
advantages of the reaction assisted diffusion bonding process using
reactive ML thin films as a “filler” material include: i) an “internal”
energy source to aid on the diffusion bonding process, ii) lower
diffusion bonding temperature/pressure or shorter holding times,
iii) excellent filler/base material interface, iv) high quality and con-
trollability of the filler material, and v) the possibility of providing
an interface zone with an intermediate thermal expansion coeffi-
cient, avoiding cracks and fracture during dissimilar joining.
Whatever the application envisaged, it is extremely important to
study the thermal stability of the ML thin films and how they evolve
with the temperature. The phase evolution of different metallic
multilayer thin films has been studied by the authors using different
techniques [8,15–18].
This research concerns the phase evolution with temperature
of Me1/Me2 (Me—metal) ML thin films with potential for joining
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applications. The thermal stability of ML thin films from different
systems andwith differentmodulation periods was studied by differen-
tial scanning calorimetry, hot X-ray diffraction and in-situ heating
transmission electron microscopy. A thorough investigation regarding
morphology, microstructure, phase composition and evolution with
temperature should allow themost promisingMLs for joining purposes
to be identified.
2. Experimental details
2.1. Multilayers' processing
Me1/Me2multilayer thin filmswere deposited by dual cathodemag-
netron sputtering at 0.3–0.4 Pa argon pressure using high purity metal-
lic targets and a rotating substrates' holder. The power density on each
targetwas accordingly adjusted to achieve the desired equiatomic over-
all chemical composition (50 at.%Me1/50 at.%Me2). This atomic compo-
sition corresponds to different Me1/Me2 thickness ratios depending on
theMe1–Me2 system. Thin filmswithmodulation periods (Λ—thickness
of one layer of Me1 and one layer of Me2) between 4 and 40 nm were
prepared by varying the rotation speed of the substrates' holder, while
100 to 200 nm periods were achieved by alternately switching on and
off the targets' power supplies. The time that each target power supply
was switched on was selected in order to have the selected individual
layer thicknesses.
Prior to deposition, an ultimate vacuum pressure below 5 × 10−4 Pa
was reached and the substrates' surfaces were cleaned using an ion gun
at 0.15 Pa argon pressure. To avoid heating during deposition, the sub-
strates were on a thick copper block, which operated as a heat sink.
Pd/Al, Ni/Al, Ti/Al and Ni/Ti multilayer thin films with nanometric
modulation period and total thickness in the range of 2–2.5 μm were
produced.
2.2. Multilayers' characterization
The chemical composition of themultilayer thin filmswas evaluated
by electron probemicroanalysis (EPMA)using Cameca SX50 equipment
operated at low voltages to ensure no influence of the substrate.
Scanning electron microscopy (SEM) was used for the morphological
characterization. The analyses were carried out at a 15 kV acceleration
voltage in secondary and backscattered electron modes using a FEI
QUANTA 400F high-resolution SEM equipped with a field emission
gun. Microstructural analyses were conducted using a transmission
electron microscope Tecnai G2 FEG 20 (200 kV) equipped with an inte-
grated energy dispersive spectroscopy system. The nanostructure of the
ML thin films was characterized using scanning-transmission high an-
gular annular dark field. In-situ heating experiments were carried out
using Philips CM20 transmission electron microscope. In order to en-
sure adequate conditions of observation, namely reduction of image
drift, in-situ transmission electron microscopy (TEM) experiments
were performed in stages to allow drift stabilization. Thin foils for
TEM were prepared using FEI Quanta 3D focused ion beam system
equippedwith Omniprobe lift-out system. The sample surface was coat-
ed with a layer of carbon allowing it to be separated from the platinum
masking bar. Side trenches around the platinum bar were cut with
7 nA Ga + current, while after removing thin foil from the surface and
welding it to a copper grid a final polishing with 1, 0.5, 0.3 and
0.1 nA Ga + currents was performed. The ML thin films were analysed
by X-ray diffraction (XRD) using Co Kα radiation for phase identifica-
tion. The XRD experiments were performed in a Philips diffractometer
with Bragg–Brentano geometry and hot stage enclosed in a chamber
under vacuum (optional), enabling XRD experiments at temperatures
up to 1500 °C and controlled atmosphere. The high-temperature
XRD thermal cycles were predefined taking into account the different
Me1–Me2 systems. Differential scanning calorimetry (DSC) measure-
ments were performed on free-standing films under purified argon
atmosphere using Setaram G-DTA/DSC equipment. Heating rates (θ)
ranging from 10 to 45 °C min−1 were used up to 800 °C, while
a 20 °C min−1 cooling rate was used. The DSC experiments were
accompanied with XRD analyses. Samples were heated just after the
exotherms and then cooled to room-temperature (60 °C min−1) and
analysed by XRD.
3. Results and discussion
Metallic MLs from systems with different enthalpies of reaction
were selected for this study (Table 1). The reaction between the differ-
entmetals is expected to result in the formation of equiatomic interme-
tallic compounds. High (Pd/Al), medium (Ni/Al) and low (Ni/Ti and Ti/
Al) energyML thinfilmswith nanometricmodulation periodswere pre-
pared by magnetron sputtering. The EPMA results reveal near
equiatomic overall chemical compositions, apart from some Ni/Al and
Ni/Ti ML thin films that are slightly Al- and Ti-rich, respectively.
Nevertheless, all the ML films under study fall in the Me1Me2 single
phase domain of the respective equilibrium phase diagram.
The Me1/Me2 multilayer thin films under study present a cross-
section morphology type T according to Thornton's model [21], which
corresponds to a transition state between columnar and featureless
morphologies. Cross-section SEM images of ML thin films where the al-
ternating Me1 and Me2 layers can be distinguished (Λ ≥ 12 nm) are
shown in Figs. 1 and 2. In Fig. 1 it is also possible to observe the globular
surface morphology of a Pd/Al ML thin film with Λ=30 nm. TEM anal-
yses were conducted in order to observe the layered structure of short
period MLs and check if reaction occurred during the deposition pro-
cess. The bright-field (BF) TEM images (Fig. 3) reveal well-defined
nanocrystalline layered structures. The geometry of the multilayer is
to some extent compromised by waviness (Fig. 3) caused by the
pseudo-columnar growth morphology, typical of films prepared by
magnetron sputtering [22]. Wavy interface morphologies were
observed and investigated in several vapour deposited Me1/Me2 MLs
[23]. This waviness could influence the thermal stability of nanoscale
MLs, in particular if full coherency is observed.
The nanolayered structure is clear in scanning TEM mode (Fig. 4).
Although the layered structure is observed, even for 4 nm period MLs
(Fig. 4(b)), the possibility of reaction during the sputtering process
must be considered.Me1 andMe2 react at rather low temperatures (ex-
cept Ti and Al) favouring the occurrence of intermixing and reaction
during deposition. In fact, it was possible to confirm by XRD and TEM
the formation of intermetallic and amorphous phases [7,8,15]. These
phases form at the interfaces being their contribution more evident
for low periods, where the interfaces constitute a significant fraction
of the films. In addition, inmost as-depositedML thin films it is possible
to identify by XRD Me1 and Me2 diffraction peaks that became broader
as the period decreases, indicating an increasing nanocrystallinity and
in some systems a predisposition for amorphization.
3.1. Phase evolution
The structural evolution of Ti/Al ML thin films with modulation pe-
riods from 4 up to 200 nm was studied by DSC as complement of XRD
[16]. The results confirmed that the period influences the phase evolu-
tion. Nevertheless, it should be noted that up to Λ = 200 nm it was
always possible to formγ-TiAl as amajor phase. Reducing the individual
layer thickness (Λ ≤ 20 nm) leads directly to the equilibrium structure,
Table 1
Enthalpy of reaction (ΔH0) and adiabatic reaction temperature (Tad) of bimetallic systems
[1,19,20].
Pd/Al Ni/Al Ti/Al Ni/Ti
ΔH0 (kJ mol−1) −92 −59 −36 −33
Tad (°C) 2380 1639 1227 1355
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while for higher periods an Al-rich intermediate phase was formed
(TiAl3). The kinetic study revealed slightly lower activation energy values
as the period decreases [16]. The phase evolution of Ti/Al ML films under
slow heating was studied in detail by Rogachev et al. [2,24,25]. The DSC
and time-resolved XRD results are consistent with those discussed
above. In films with rather thick layers of reactants, the TiAl3 phase is ini-
tially formed followed by the formation of TiAl as the final product,
whereas for Λ= 8 nm the reaction proceeds in one step [2,24,25].
The phase evolution with temperature of the more energetic Pd/Al
and Ni/Al MLs was studied by hot-XRD using Co (Kα) radiation [8,18].
For each system, the thermal cycle, namely the maximum temperature,
was defined in order to promote the formation of the monoaluminide
intermetallic compound. As an example, a series of X-ray diffractograms
of the 14 nm period Ni/Al MLs at different temperatures is shown in
Fig. 5. The as-deposited film is nanocrystalline (Al + Ni), being difficult
to confirmbyXRD the presence of the B2-NiAl intermetallic phase, since
the Ni (111) and NiAl (110) diffraction peaks are almost coincident. As
the temperature increases, the Al (111) peak tends to disappear while
the peak at around52° becomesmore andmore intense, which is attrib-
uted to the formation of theB2-NiAl phase. Similarly to the Ti/AlMLs, for
30 and 140 nmperiods the formation of B2-NiAl during heating of Ni/Al
ML thin films is preceded by the formation of Al-rich intermediate
phases [18]. In Pd/Al ML thin films with nanometric modulation period
the formation of intermediate phases was not avoided by reducing the
individual layer thickness [8]. Phase evolution in Ni/AlMLs has been ex-
tensively studied [e.g. 26–29]. Depending on the overall chemical com-
position, modulation period and processing history, different initial
phases (NiAl3, Ni2Al9 and NiAl) have been reported and consequently
different phase sequences were observed. In particular, the metastable
Ni2Al9 phase not detected in the present study has been identified, ei-
ther in Al-rich (60 at.% Al) Ni/Al MLs with periods down to 12.5 nm
[28], or in MLs with equiatomic chemical composition and Λ between
30 and 85 nm [29]. On the contrary, Pd/Al films have received little at-
tention and there are only a few papers regarding the phase formation
and reaction during heating of Pd/Al ML films. Moreover, the films
were never heated above 600 °C which makes not possible a compari-
son with the diffractograms at 700 and 800 °C, where the high temper-
ature PdAl phase was detected [8]. Nevertheless, it is worth to mention
the work of J. Braeuer et al. [30,31] who used high energetic Pd/Al MLs
for reactive bonding at chip and wafer level.
The phase evolutionwith temperature of Ni/TiML thin filmswas in-
situ studied by hot-XRDusing Co Kα radiation [15]. The formation of the
B2-NiTi austenitic phase was detected at temperatures between 300
and 400 °C depending on the modulation period. The formation of B2-
NiTi occurred in a single step; in this system the formation of interme-
diate phases was never detected [15]. These results are corroborated
by previous works with DSC combined with XRD [32,33]. By increasing
the temperature above the equiatomic intermetallic formation, it was
also possible to identify the presence of the NiTi2 intermetallic phase.
The formation of this brittle phase may be deleterious for joining pur-
poses. The structural evolution with temperature of a Ni/Ti ML thin
filmwithΛ=25nmwas also analysed by in-situ TEM. Themicrographs
(Fig. 6) have shown that during heating the layered structure changes,
as well as the corresponding selected area electron diffraction (SAED)
pattern (20 °C versus 400 °C during 6 min). Extending the holding
Fig. 1. Cross-section SEM micrograph of a Pd/Al ML thin film with Λ= 30 nm. Grey and
dark layers correspond to (Pd) and (Al), respectively.
Fig. 2. Cross-section SEM micrograph of a Ni/Ti ML thin film with Λ= 70 nm. Grey and
dark layers correspond to (Ni) and (Ti), respectively.
Fig. 3. Cross-section BF TEMmicrographs of Me1/Al multilayer thin films with (a) Me1=
Ti,Λ=20 nm and (b)Me1=Ni, Λ=30 nm. Grey and dark layers correspond to (Al) and
(Me1), respectively.
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time at this temperature leads to grain growth (Fig. 6(e)). Analysis of
the SAED patterns obtained at different stages of heating confirms the
phase transition—Ni and Ti react just after 400 °C. The reaction seems
to be concluded after a fewminutes (the time required to switch themi-
croscope BF observation mode to electron diffraction and vice versa, as
well as the image acquisition time). As a result, Ni and Ti are no longer
identifiable and a peak corresponding to (110) B2-NiTi appears. It is
not possible to unequivocally confirm the presence of the austenitic
B2-NiTi phase because the (100) superlattice peak is not observed,
which may indicate a low ordering degree. Self-propagating reactions
in Ni/Ti MLs were studied by Adams et al. [34]. Reacted MLs consist of
one or more NixTiy phases depending on the modulation period;
while the presence or absence of oxide phases is related with the reac-
tion environment [34]. For small periods (b29 nm) single phase austen-
ite is formed with no evidence for NiTi2 precipitates [34].
A summary of the phase evolution as a function of the ML system
and modulation period is shown in Table 2. According to the thermal
stability analyses, the Ni/Al and Ti/Al ML thin films with intermediate
modulation period seem to be the most promising for using as reactive
filler in diffusion bonding experiments. The formation of intermediate
phases is avoided, and the effect of intermixing is less pronounced
than for short periods (4 or 5 nm). For short periods the thickness of
the intermixed layer is a non-negligible fraction of theML period, reduc-
ing the amount of exothermic energy with a subsequent decrease of
heat released and driving-force for self-propagation. The heat released
(higher for the Ni–Al system), the reaction temperature of the ML filler
(higher for the Ti–Al system), and the basematerial(s) being joinedwill
dictate the best selection for each case. Ni/Ti ML thin films constitute
also a goodoption for joiningNiTi shapememory alloys, and disruptions
between base and filler materials are avoided.
3.2. Reaction assisted diffusion bonding
Sound joints of TiAl to itself [10,11,13], TiAl to Inconel [12] and NiTi
to Ti6Al4V [14] have been produced by reaction assisted diffusion bond-
ing using Ti/Al, Ni/Al or Ni/Ti ML nanocrystalline thin films with a
nanometric modulation period. TEM images of a NiTi/Ti6Al4V joint
processed at 850 °C during 1 h, under an applied load of 5 MPa, using
a Ni/TiML thin film asfiller material are presented in Fig. 7. The reaction
assisted diffusion bonding of the ML coated NiTi and Ti6Al4V parts re-
sulted in a sound joint without pores or cracks. Ni and Ti from the ML
react, giving rise to intermetallic phases. Near equiaxed B2-NiTi grains
can be identified close to the NiTi base material and at the centre of
the joint interface, while columnar NiTi2 grains are observed on the
Ti6Al4V side (Fig. 7(b)). The formation of this Ti-rich phase is favoured
by the diffusion of Ti from the base material towards the filler material
and of Ni in the opposite direction to the beta-titanium phase.
Similar and dissimilar joints have been systematically characterized
by SEM and TEM confirming that it is possible to obtain sound joints
(without pores or cracks) at less demanding bonding conditions even
using low energy MLs such as Ti/Al and Ni/Ti [12–14]. Nanoindentation
tests across the joints corroborate the SEM and TEM analyses, revealing
higher hardness at the reaction zone, particularly at the interface with
the base materials where Me1xMe2y (x≠ y) and Me1xMe2yMe3z inter-
metallic phases formed.
4. Conclusions
The thermal stability of nanoscale metallic ML thin films with low
(Ti/Al and Ni/Ti), medium (Ni/Al) and high (Pd/Al) heat exothermal re-
actions was evaluated. As the modulation period decreases, the occur-
rence of reaction cannot be avoided in the as-deposited Pd/Al, Ni/Al
and Ni/Ti ML thin films. Heating the ML thin films leads to disruption
of the layered structure by interdiffusion of Me1 and Me2, followed by
chemical reaction to form intermetallic compounds. In agreement
with the ML overall chemical composition, it was always possible to
Fig. 4. Cross-section STEMmicrographs of Ni/AlML thin filmswith (a) Λ=30 nm and (b)
Λ= 5 nm. Grey and dark layers correspond to (Ni) and (Al), respectively.
Fig. 5.Hot-stage XRD diffractograms of a Ni/AlML thin filmwith Λ=14 nm. The stainless
steel substrate's most intense diffractions are labeled with “S”.
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obtain the desired equiatomic Me1Me2 intermetallic phase. Neverthe-
less, the phase evolution with temperature depends on the ML system
andmodulation period. Ti/Al and Ni/Al ML thin filmswith short periods
(below 20 nm) directly give rise to equilibriummonoaluminide phases,
whereas for higher periods intermediate trialuminide phases are
formed. Whatever the modulation period the formation of B2-NiTi
from Ni/Ti multilayers occurs without the formation of intermediate
phases, while for the Pd–Al system the formation of intermediate
phases was never avoided.
Metallic ML thin films have been used to enhance the diffusion
bonding process of advanced materials. In order to use these nano-
scale MLs for joining applications, the following guidelines should
be considered: ML systems must have sufficient reaction energy
to assist the joining process; the reaction should proceed without
the formation of intermediate phases and therefore without energy
losses; themodulation period has to be chosen in order to minimize
the effect of intermixing; unsuitable interactions with thematerials
to be joined must be avoided.
Fig. 6. (a), (c), (e) BF TEMmicrographs and (b), (d), (f) corresponding SAEDpatterns of a Ni/Timultilayer thin filmwithΛ=25nmat (a), (b) room-temperature (c), (d) 400 °C/6min and
(e), (f) 400 °C/20 min. The diffraction rings corresponding to the silicon substrate are labeled with “S”.
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Abstract
Reaction-assisted diffusion bonding of TiNi to Ti6Al4V was carried out using two types of filler
materials: i) Ni/Ti multilayer foils produced by accumulative roll bonding (ARB) and ii) Ni/Ti
multilayer thin films prepared by magnetron sputtering. In the ARB technique nanostructures were
produced through severe plastic deformation by stacking alternated Ni and Ti foils and rolling at a
strain rate of 20 s−1 up to 16 cycles, attaining a total thickness close to 300 µm. Using ARB Ni/Ti
ultrafine multilayers it was possible to achieve sound and reliable joints at undemanding conditions
for a solid state joining process (800 ◦C/10 MPa/1 h). The layered structure of the foil transforms
into several intermetallic phases. The interface is mainly composed of TiNi with small regions of
Ti2Ni and TiNi3; a continuous layer of Ti2Ni is observed close to the Ti6Al4V base material.
Ni/Ti multilayer thin films with 12 and 25 nm modulation periods have also been successfully used
to produce sound joints at 750 and 800 ◦C, under 10 or 50 MPa during 60 min. The interface is very
thin (less than 10 µm) and exhibits several zones; comprising a Ti2Ni layer close to the Ti6Al4V
alloy, followed by TiNi and Ti2Ni phases.
Keywords: Diffusion bonding; Filler; Multilayer construction; Nanomaterials; Shape memory
alloys; Dissimilar materials
1. Introduction
The development of techniques for producing high strength joints between TiNi and Ti6Al4V
represents a great challenge and is vital for enlarging the applications of TiNi shape memory alloys
(SMA). Infrared brazing of TiNi to Ti6Al4V with Ag-rich braze alloy at 800 ◦C, 850 ◦C and 900 ◦C
†Corresponding author
E-mail address: sofia.ramos@dem.uc.pt
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during 40 s to 180 s was reported in the literature [1]. However, the interface is quite large, more
than 30µm, presenting several intermetallic compounds of the systems Cu-Ti, Cu-Ni-Ti and Ni-Ti,
causing low shear strength joints [1]. By electron beam welding, with no filler alloy, joining was also
successful, but joints failed at the weld bead boundary adjacent to the TiNi SMA [2]. In fact, there
is a lack of available techniques for producing high strength joints between TiNi and Ti6Al4V alloys.
Diffusion bonding seems a desirable option for joining these alloys because it involves no melting
of the base materials. As a solid-state joining process, diffusion bonding avoids undesirable phase
transformations and eliminates the problems of segregation, solidification cracking, and distortion
stresses usually found in liquid phase welding processes. Diffusion bonding is ideal for joining
sheets and small components with simple joint geometry since it produces joints with no abrupt
microstructural discontinuity. The major disadvantages of the process are the accurate surface
preparation and the high temperatures and/or pressures required to achieve sound joints.
In order to assist the diffusion bonding process it is possible to introduce fillers between the
materials being joined. These fillers are usually pure and soft metals, introduced as thick or
thin foils [3]. A novel approach developed by the authors to join similar and dissimilar materials
consists of introducing reactive multilayer thin films as interlayer materials – reaction assisted
diffusion bonding. Reaction-assisted diffusion bonding is a relatively new and innovative process
that uses (nano)layered structures with high specific area surface to help the diffusion process,
lowering one or various process parameters: temperature, pressure and time. The exothermic
character of the reactive multilayer thermal evolution contributes to a decrease in the energy
required for the bonding process. The feasibility of this procedure has already been successfully
demonstrated for joining TiAl to itself [4-8], TiAl to inconel [9] and TiNi to Ti6Al4V [10] using
Ti/Al, Ni/Al or Ni/Ti multilayer nanocrystalline thin films with nanometric modulation periods
(bilayer thickness). High-quality joints were achieved, indicating that they are promising interfaces
for diffusion bonding at lower temperatures and shorter dwell times. The reactive multilayer thin
films prepared by magnetron sputtering are made up of alternating nanolayers that react with
each other exothermically at well-defined temperatures [11-16]. Another possibility could be to
use as filler thick multilayered thin foils produced by accumulative roll bonding (ARB). ARB is
one simpler and cheaper option to produce multilayers. Using this technology it is possible to
have thick multilayer foils with nanometric and ultrafine layers and attain a nanometric structure
through severe plastic deformation [17,18]. In this study, a Ni/Ti thick multilayer nanocomposite
was produced by ARB process.
The aim of the present work is to explore different approaches to diffusion bonding, using
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reactive multilayers as an interlayer, to obtain sound joints between TiNi SMA and Ti6Al4V alloy.
For this purpose two types of reactive filler materials are used: i) Ni/Ti multilayer foils produced
by accumulative roll bonding and ii) Ni/Ti multilayer thin films prepared by magnetron sputtering.
2. Experimental
2.1 Materials
The materials bonded were TiNi SMA and Ti6Al4V alloy. The TiNi alloy, with 50.8 at% of Ni,
presents a grain size of 40(23) µm. The Ti6Al4V alloy has a duplex structure and a grain size of
8(5) µm. These alloys were cut into square specimens with an area of 10×10 mm2 and a thickness
of 2 mm and polished up to 1 µm diamond suspension. For the production of ARB multilayers,
nickel (99.00 %) and titanium (99.60 %) foils from Goodfellow were used as primary materials.
According to the terminal composition of the Ni/Ti multilayer (near-equatomic), Ni and Ti foils
with thickness of 125 and 200 µm, respectively, were used in this study. The Ni/Ti multilayer thin
films were prepared using a pure Ti target (99.98 %) and a pure Ni target (99.95 %).
2.2 Ni/Ti multilayers prepared by accumulative roll bonding
Accumulative roll bonding was performed with a common rolling machine. The diameter of the
rollers was 73.2 mm and the rolling speed had a constant value of 20 rpm.
Foils with the length of 50 mm and the width of 15 mm were cut, ground with silicon carbide
papers and degreased in acetone. One foil of each constituent composes the stack, which is rolled
at a strain rate of 20 s−1 with a 50 % reduction in thickness (first ARB cycle). Then, the produced
multilayer foil is cut in two and subjected to another cycle. A maximum of 16 cycles was carried
out to produce the multilayers.
2.3 Ni/Ti multilayers prepared by magnetron sputtering
Ni/Ti multilayer thin films were prepared by dc magnetron sputtering (Figure 1). The multilayer
thin films were deposited onto the materials to be joined by simultaneously sputtering at 0.4 Pa
from two separate targets (Ni and Ti). The targets’ power densities were adjusted in order to
achieve a near equiatomic overall chemical composition. The base materials were mounted onto a
rotating Cu substrate holder. By varying the substrates’ rotation speed it was possible to obtain
different modulation periods (Λ). To guarantee a good adhesion to the base materials Ti was always
the bottom layer, while the top layer was Ni. The total thickness of the films was approximately
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2-2.5 µm. Prior to deposition, and after reaching an ultimate vacuum pressure below 5× 10−4 Pa
Pa, the substrates’ surface was cleaned with an ion gun at 0.15 Pa.
Fig. 1. Magnetron sputtering equipment.
The layered structure of the Ni/Ti multilayers was observed using a FEI QUANTA 400 field
emission gun scanning electron microscope (SEM), and with the help of a Tecnai G2 F20 transmis-
sion electron microscope (TEM) equipped with High Angle Annular Dark Field (HAADF) detector
in the case of the multilayer thin films. The thin films cross-sections for SEM observation were
prepared by cutting the coated substrates by the backside followed by fracture with an impact
force, while thin foils for TEM observations were cut by Quanta Dual Beam focused ion beam.
2.4 Diffusion bonding experiments
Ti6Al4V and TiNi were joined with multilayers produced by ARB and sputtering as filler
material. Diffusion bonding joints were processed at a temperature between 700 and 800 ◦C, under
a pressure of 10 or 50 MPa, a bonding time of 60 or 180 min and a vacuum better than 10−2 Pa, in
a vertical furnace assembled with a tensile machine.
The bond interface of the joints was characterized by SEM at an accelerating voltage of 15 keV
and analysed by energy dispersive X-ray spectroscopy (EDS). The joints’ cross-sections were pre-
pared using standard metallographic techniques.
3. Results and discussion
3.1 Accumulative roll bonding Ni/Ti multilayers
SEM images (Figure 2) show the morphology of Ni/Ti multilayer foils. These images show well
bonded layers, indicating that this technique was effective in the formation of Ni/Ti multilayers.
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Figures 2 (a) and (b) reveal the microstructure of multilayers produced with 11 cycles. As it is
illustrated, Ni and Ti alternated layers are elongated. The foil is mainly composed by ultrafine and
nanometric layers. However, the deformation is not uniform, and a few layers with 1 or 2 µm thick
are observed.
Ni/Ti multilayer foils after 16 cycles (Figures 2(c) and (d)) exhibit more uniform deformation
than after lower cycles of rolling and alternated nanolayers of Ni and Ti were observed through the
entire thickness of the foil.
a) b)
c) d)
Fig. 2. SEM images of Ni/Ti multilayers: after 11 cycles (a), higher magnifications (b) shows
the nano and ultrafine layers; after 16 cycles (c), higher magnification (d) showing a homogeneous
structure composed of nanometric layers
3.2 Sputtered Ni/Ti multilayers
Multilayer thin films with 12 and 25 nm modulation period were produced by magnetron sput-
tering. The Ni/Ti thin films exhibit a cross-sectional morphology corresponding to a transition
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state between columnar and featureless – Thornton’s model zone T [19]. A typical SEM image is
presented in Figure 3, where the alternate Ti- and Ni-rich layers can be identified.
Fig. 3. Cross-sectional SEM micrograph of an as-deposited Ni/Ti thin film with Λ =25 nm.Grey
and dark layers correspond to (Ti) and (Ni), respectively.
Figure 4 shows a TEM bright-field (BF) image of the 25 nm period multilayer thin film revealing
a well-defined layered structure along the whole film and columnar growth morphology typical of
sputtered thin films. Each column consists of many Ti- and Ni- rich nanolayers. Based on TEM
observations a bilayer thickness close to 28 nm was measured, slightly exceeding the nominal value.
To observe the layered structure of the 12 nm period multilayer, higher magnifications are required.
TEM images of the central region of the multilayer thin films are shown in Figure 5, exhibiting the
alternated nanolayers for both periods.
Fig. 4. BF TEM micrograph of an as-deposited Ni/Ti multilayer thin film with 25 nm period
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a) b)
Fig. 5. BF TEM micrographs of Ni/Ti multilayer thin films with (a) Λ =25 nm and (b) Λ =12 nm.
Bright (Ni) and dark (Ti) layers
3.3 Diffusion bonds using cold rolled multilayers
According to the observations (Figure 6), good joints, free of pores and cracks, can be obtained
at 700 and 800 ◦C with the Ni/Ti multilayers. The laminar structure of the multilayer foil has been
completely eliminated and the foil has been transformed during the solid state diffusion bonding
into several intermetallic phases. The interface is mainly composed of TiNi with small regions
of Ti2Ni and TiNi3 (Figure 6(c)). At 700 ◦C, the temperature was not enough to transform all
the interlayer and some unreacted constituents are observed in the structure of the joint. As it is
seen in Figure 6(d), untransformed Ni region exhibits ultrafine Ni grains that have grown due to
the process temperature and soaking time. For both temperatures, a continuous layer of Ti2Ni is
observed close to the Ti6Al4V base material, as a result of a net diffusion flux of titanium from the
Ti6Al4V to the interlayer.
a) b)
Fig. 6. SEM images of the joint processed at: (a) 700 ◦C with 10 MPa and 11 cycles, (b) 800 ◦C with
10 MPa and 11 cycles, (c) high magnification of joint processed at 800 ◦C, (d) high magnification
of joint processed at 800 ◦C showing an untransformed region
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c) d)
Fig. 6. Contd. SEM images of the joint processed at: (a) 700 ◦C with 10 MPa and 11 cycles,
(b) 800 ◦C with 10 MPa and 11 cycles, (c) high magnification of joint processed at 800 ◦C, (d) high
magnification of joint processed at 800 ◦C showing an untransformed region
3.4 Diffusion bonds using sputtered multilayers
Multilayer coated TiNi and Ti6Al4V parts were joined by diffusion bonding. The microstruc-
tural analysis shows that interfaces with apparent soundness were produced during the reaction-
assisted diffusion bonding experiments at 750 ◦C and 800 ◦C for 60 minutes, under an applied
pressure of 10 or 50 MPa. The SEM images presented in Figure 7 show sound joints without pores
or cracks. The interfaces are all very thin (less than 10 µm) and exhibit several regions. The lay-
ered interface is influenced by the multilayer period, but also by the diffusion bonding temperature
and pressure. As expected, the use of the 12 nm period multilayer gives rise to better results. In
fact, thinner layers favour the diffusion process enabling to achieve sound joints at less demanding
joining parameters [10]. Increasing the temperature or pressure also promotes diffusion, resulting
in a more homogeneous interface.
a) b)
Fig. 7. SEM micrographs of TiNi/Ti6Al4V joints processed at: (a) 750 ◦C with 50 MPa, (b)
800 ◦C with 10 MPa, (c) 800 ◦C with 50 MPa and (d) 800 ◦C with 50 MPa, using Ni/Ti multilayers
with (a), (b), (c) 12 nm and (d) 25 nm period
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c) d)
Fig. 7. Contd. SEM micrographs of TiNi/Ti6Al4V joints processed at: (a) 750 ◦C with 50 MPa,
(b) 800 ◦C with 10 MPa, (c) 800 ◦C with 50 MPa and (d) 800 ◦C with 50 MPa, using Ni/Ti multi-
layers with (a), (b), (c) 12 nm and (d) 25 nm period
An example of the EDS analyses performed is shown in Figure 8, where different analysed zones
are identified in the image and the corresponding chemical composition presented in Table 1. Based
on these results, the following phase identification is proposed: zones Z1, Z3 and Z5 – B2-TiNi;
Zone Z6 –Ti2Ni. Although it is possible to state that zones Z2 and Z4 are Ti enriched, these zones
are too thin and the respective EDS results are influenced by the adjacent regions. Ti enrichment is
also observed at the interface of the TiNi base material with the multilayer filler material. During
the diffusion bonding process Ni and Ti from the multilayer thin films react to form the B2-TiNi
compound, but due to the diffusion flux of Ni towards the Ti6Al4V base material and of Ti in
the opposite direction, there is an excess of Ti at the interface which explains the formation of the
Ti2Ni phase, in particular close to the Ti6Al4V alloy. The elemental distribution resulting from
the diffusion process is illustrated in the EDS line profiles across the join interface (Figure 8(b)).
a) b)
Fig. 8. SEM micrographs of the TiNi/Ti6Al4V joint processed at 750 ◦C with 50 MPa using a
12 nm period Ni/Ti multilayer thin film with (b) EDS line profile of the different elements
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EDS chemical composition (at.%) of the zones indicated in Figure 8 (a)
Zone Al Ti V Ni
Z1 51.2 48.8
Z2 0.35 58.0 41.6
Z3 0.39 53.2 46.4
Z4 0.42 61.5 38.0
Z5 0.20 54.5 45.3
Z6 1.86 64.0 0.08 34.1
Reactive multilayers, of alternated Ti and Ni layers, have shown to improve the diffusion bonding
of TiNi to Ti6Al4V, by producing sound joints at less demanding conditions. Both multilayers
produced layered joints, composed by TiNi, Ti2Ni and TiNi3 phases. The formation of rich Ti
intermetallics at an interface with equiatomic composition is the result of diffusion between the
filler and the Ti6Al4V base material. The sputtered multilayers produce thin interfaces, which
is a major advantage for joining microcomponents. ARB multilayers can be produced with a
thickness of millimetres, which inevitably leads to the formation of a large interface that may have
a deleterious effect on the bond strength but is an advantageous characteristic for large gap joints.
4. Conclusions
Using Ni/Ti multilayers prepared by sputtering or by accumulative roll bonding it is possible to
achieve TiNi/Ti6Al4V joints without pores or (micro) cracks. Sound and reliable joining is achieved
at less demanding conditions than those reported for diffusion bonding. Interdiffusion between
Ni/Ti multilayer thin films and foils (filler material) and Ti6Al4V (base material) is responsible for
the formation of a layered interface composed mostly by TiNi and, in a less extent by Ti- and Ni-
rich intermetallic phases, Ti2Ni and TiNi3. For the Ni/Ti multilayers prepared by accumulative
roll bonding the interface is large (close to 300 µm), while for those produced by sputtering the
interface is very thin (less than 10 µm).
For the multilayers tested, thin films produced by sputtering are most promising as filler material
for joining microcomponents and materials with flat surfaces and low roughness. Nevertheless,
multilayers produced by accumulative roll bonding appear to be an interesting option for large gap
joints.
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In Situ Characterization of NiTi/Ti6Al4V Joints During
Reaction-Assisted Diffusion Bonding Using Ni/Ti
Multilayers
A.J. Cavaleiro, A.S. Ramos, F.M. Braz Fernandes, N. Schell, and M.T. Vieira
(Submitted October 16, 2013; in revised form January 14, 2014; published online March 11, 2014)
Reaction-assisted diffusion bonding process of NiTi and Ti6Al4V was studied in situ. For this purpose,
experiments were carried out at the High Energy Materials Science beamline (P-07) at PETRA-III (DESY).
Ni/Ti multilayer thin films 2.5 lm thick with 12 and 25 nm modulation periods were directly deposited by
magnetron sputtering onto the materials being joined. The NiTi and Ti6Al4V coated parts were placed with
the films facing each other in a dilatometer equipped with Kapton windows for the x-ray beams. Micro-
joining was promoted by applying a 10 MPa pressure and inductively heating the materials, while
simultaneously acquiring x-ray diffraction scans across the bond interface. Sound joints were produced at
750 C. The formation of the NiTi2 phase could not be avoided.
Keywords diffusion bonding, multilayers, NiTi, sputtering, syn-
chrotron radiation, Ti6Al4V
1. Introduction
Shape memory alloys, like the well-known nitinol (NiTi),
have been gaining more and more attention. Besides the
impressive mechanical properties—superelasticity and shape
memory effect (Ref 1), these alloys have high corrosion
resistance and biocompatibility (Ref 2). These properties made
NiTi alloy interesting for biomedical/biomechanical applica-
tions, amongst others. However, appropriate joining techniques
must be developed in order to produce components with complex
geometry. Titanium and titanium base alloys have also a wide
range of applications, such as aerospace due to their high
strength-to-weight ratio, excellent corrosion resistance at oper-
ating temperature, and composite compatibility. The Ti6Al4V
alloy account for about 60% of the total titanium production
because it is easy to work with and it presents good fatigue and
fracture properties due to the a/b alloy duality (Ref 3). The
mechanical project obliges to have available processes for joining
materials with similar machinability (Ref 4) and formability.
Joining dissimilar materials is required in a wide array of
industries, like power generation, chemical, petrochemical,
nuclear, and electronics in which the advantage obtained from
component properties and weight reductions is demanded (Ref
5). The wide range of parameters, such as differences in
chemical and physical properties (i.e., melting and boiling
point, thermal conductivity, density, and coefficient of expan-
sion), joints characteristics (i.e., plate thickness, joint type, and
fillets), and parameters to be controlled during the joining
process (e.g., temperature), reveal some of the difficulties in
dissimilar joining (Ref 6). All the process/material parameters
are important, but base materials thermo-physical (thermal
conductivity and temperature coefficient of surface tension) and
metallurgical properties (different crystal structures) play an
ultimate role on the microstructure formed (Ref 7). Some work
on laser welding in similar NiTi joints has already been
processed with relatively good mechanical properties (Ref 8-
12), but due to the high thermal energy of the laser beam, the
heat-affected zone is relatively large. In the case of dissimilar
laser welding between NiTi and Ti6Al4V, no successful joints
were reported in the literature.
Reaction-assisted diffusion bonding (RADB) is a novel
joining process that uses the reactive character of nanomet-
ric layered systems to provide extra energy at the bond
interface, making possible to reduce the bond temperature,
pressure, or time (Ref 13-15). RABD is a solid-state diffu-
sion bonding process where a reactive material is used as filler
to enhance joining. Using this technology, it is possible to
lower temperature/time at which the materials are at high
temperature, reducing base materials thermally induced mod-
ifications, while reducing the thickness of the bond zone
(generally the reacted zone does not exceed 10 lm). The
reactive nanolayered structure can be produced by magnetron
sputtering which enables the modulation period (bilayer
thickness—K) and average chemical composition to be easily
tailored. Since the chemical composition can be easily tailored,
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the phase composition can be designed to properly adjust the
base materials properties, like difference in thermal expansion
coefficient, composition gradient, etc. The authors have been
developing this technique for some years now and have already
successfully used it to produce sound joints of TiAl to itself
(Ref 16, 17), TiAl to inconel (Ref 18), and NiTi to Ti6Al4V
(Ref 13) using Ti/Al, Ni/Al, or Ni/Ti multilayer thin films.
The present work intends to characterize in situ the RADB
process between NiTi and Ti6Al4V using two different Ni/Ti
multilayer thin films as filler materials providing extra energy
source. To perform the in situ characterization, the samples
were subjected to temperature and pressure while a highly
brilliant synchrotron radiation beam identifies the phases
developed. Post-mortem scanning electron microscopy (SEM)
analyses were conducted along the joint zone.
2. Experimental Procedure
2.1 Base Materials
Ti6Al4V 5-mm diameter rods were acquired and cut into 5-
mm height cylinders, using a high precision machine. Austen-
itic NiTi cylinders were prepared similarly and in order to
prepare base materials for sputtering, their surfaces were
subjected to conventional polishing procedure until a mirror
surface finish was obtained. Before placing the cylinders inside
the sputtering chamber, the surfaces were rinsed sequentially
using acetone, alcohol, and deionized water.
2.2 Deposition of Ni/Ti Multilayer Thin Films
Ni/Ti multilayer thin films were deposited onto the materials
being joined using a magnetron sputtering equipment with
titanium (99.99%) and nickel (99.98%) targets. Prior to
deposition, a pressure down to 39 104 Pa was reached, while
the depositions were carried out at 0.4 Pa argon pressure. The
prepared samples were mounted in a bulk substrate rotating
holder made of copper which works as a heat sink during
deposition. In order to achieve the desired 1:1 stoichiometric
composition, the Ti and Ni targets were operated at 5.19102
and 2.59 102 W/mm, respectively. This equiatomic chemical
composition results in a Ti:Ni thickness ratio close to 1.6. The
initial layer was Ti to ensure a good adhesion to the substrate,
while the final layer was Ni to prevent oxidation. Modulation
periods of 12 and 25 nm were obtained by varying the
substrates holder rotating speed. The total thickness of the films
was 2.0 and 1.9 lm for the Ni/Ti multilayer thin films with 12
and 25 nm periods, respectively.
2.3 In Situ XRD Synchrotron Radiation Experiments
In situ x-ray diffraction (XRD) using synchrotron radiation
was conducted at the High Energy Materials Science beamline
(HEMS-P07) in Petra III storage ring with its high-brilliance
monochromatic beam of 80 keV energy. A modified Ba¨hr
DIL 805 A/D dilatometer equipped with an induction heater
controls the temperature while applying pressure (10 MPa) in a
controlled atmosphere. The beam passes through Kapton
windows before and after diffracting through the sample. A
flat panel x-ray detector developed by Perkin-Elmer was placed
at a distance of 1300 mm to the sample guaranteeing a wide
range of 2h. Two coated cylinders were then placed in the
dilatometer with the multilayer thin film facing each other and
fixed with low force. Due to height difference in the base
materials and the thermal expansion during the thermo-
mechanical cycle, to ensure that it was possible to attain
information of the reacted zone, series of 21 ‘‘shots’’ along the
bond zone were conducted with an interval of 50 lm. To
reduce the time at which the samples are at high temperature, a
compromise between acquisition time, beam width, and a good
relation between peak intensity and background noise had to be
iterated. The optimal value of the beam width was 50 lm for a
2 s acquisition time. Bonded samples are uniform along beam
height; therefore maximum beam height (1 mm) was chosen to
integrate the maximum volume along the interacted zone. To
promote joining, the samples were heated to 750 C for 30 min
leading to structural evolution during diffusion bond, where
three sets of shots were conducted. Ni/Ti multilayer thin films
are expected to react around 400 C and for this reason 10 min
dwell times were utilized at 350, 400, and 450 C and, at each
temperature step, a set of 21 shots was conducted. The initial
(before and after applying the load) and final phase composition
were also evaluated at room temperature. After the thermo-
mechanical cycle was complete the diffusion bonded samples
were cut perpendicular to the interface and observed using a
FEI QUANTA 400 F scanning electron microscope (SEM)
operating at 15 kV equipped with energy dispersive x-ray
spectroscopy (EDS).
3. Experimental Results and Discussion
The Ni/Ti multilayer thin films used as filler material were
characterized in a previous paper (Ref 13, 19), where high
homogeneity and the presence of the nanolayered structure
were observed throughout the entire thickness of the film. The
heat treatment of the Ni/Ti films promotes the disruption of the
layered structure due to the reaction between Ni and Ti to form
intermetallic compounds, in particular the austenitic phase B2-
NiTi (Ref 19).
During the joining experiments, to assess the structural
evolution for each set of shots it was necessary to evaluate the
position of the interface zone. Since the beam width (50 lm)
was larger than the interface zone (5 lm), information about
phase composition of the two base materials was not possible to
avoid. Besides the information regarding the phases present at
the bond interface, B2-NiTi and Ti6Al4V peaks are also
present. From previous experiments, it was expected that the
Ni/Ti multilayers reacted and formed B2-NiTi (Ref 19, 20), but
since the beam width is wider than the reacted zone the NiTi
austenitic phase formed from the multilayers reaction and from
the base materials are not distinguishable.
Figure 1 represents the XRD patterns of the bond region at
different temperatures for the 12-nm period Ni/Ti multilayer
thin film. The diffraction scans are located in the dashed lines
and a Kringing approximation was used to produce the 3D grid
of the XRD data and facilitate data visualization. Due to the
higher crystallization factor of nickel, for the joint produced
using the 25-nm period multilayer thin film it is possible to
observe the (111) Ni diffraction peak at the lowest tempera-
tures, while for the 12-nm period bond it was not possible to
distinguish between the quasi-amorphous peak and the back-
ground noise. The main Ni peak is observable at room
temperature before loading, but when the temperature reaches
1626—Volume 23(5) May 2014 Journal of Materials Engineering and Performance
350 C the peak disappears due to the Ni/Ti multilayer
transformation into B2-NiTi (Fig. 2). In both joints at 350,
400, and 450 C it is only possible to observe a slight shift in
the peak position due to thermal expansion during heating and
no other phases are formed. When the temperature reaches
750 C, it is possible to discern the formation of NiTi2 phase
and, during holding at this temperature, the peaks’ intensities
increase, revealing NiTi2 phase growth. The b-Ti peak is also
more pronounced, revealing that the b-Ti phase similarly
experienced phase growth during the joining process. At room
temperature, the reaction-assisted diffusion bond processed
using the 25-nm period Ni/Ti multilayer thin film exhibits an
extra diffraction peak identified as Ni3(Al,Ti) (Fig. 2). The
presence of this phase can be explained by the formation of
small precipitates in the b-Ti phase.
After the RADB process the samples were examined by
SEM as illustrated in Fig. 3 (K = 12 nm) and Fig. 4
(K = 25 nm). In both cases it was possible to observe that
sound joints, with high-quality interfaces, without pores, and
with an imperceptible bond-line.
For the joints processed using a 12-nm multilayer thin film,
two different bands are observed at the bond interface (Fig. 3a),
one close to NiTi, that should correspond to B2-NiTi and
another, close to Ti6Al4V, that can be identified as NiTi2. Some
Ni diffusion from the bond zone to the b-Ti phase of the
Ti6Al4V base material might have occurred. EDS analysis of
the NiTi zone exhibits a slight Ti enrichment (Fig. 3b Zone 1:
Ti—54 at.% and Ni—46 at.%) but according to the phase
diagram it still corresponds to the NiTi single phase domain.
The formation of a NiTi zone together with the NiTi2 zone
could result from the diffusion of Ti from the interlayer toward
the NiTi base material, in addition to the Ni diffusion toward
the Ti6Al4V. The diffusion of the less diffusing Ti could be
favored by the reduced individual layer thickness, and conse-
quent more pronounced nanometric character. Ni diffusion
from the Ni/Ti filler material toward the Ti6Al4V alloy and Ti
diffusion in the opposite direction, result in a Ni deficit at the
interface and consequently in the formation of the NiTi2 on the
bond zone. This observation confirms the phase evolution XRD
results where during the dwell time at maximum temperature,
the NiTi2 peak intensity increases due to Ni and Ti diffusion.
Chemical composition confirms the presence of NiTi2 phase
(Fig. 3b Zone 2: Ti—64 at.%, Ni—34 at.%, and Al—2 at.%)
and that some aluminum from the base material also diffuses to
this zone, but in this case no other phase was observed in the
XRD spectra. Higher magnification imaging of the bond zone
(Fig. 3b) with very high contrast reveals the presence of two
different grain sizes in the NiTi2 band. Close to Ti6Al4V alloy,
coarser columnar grains are observed in agreement with the
materials thermal conductivity (kB2-NiTi = 10 W/(mÆK);
kTi6Al4V = 6.7 W/(mÆK)) resulting in a maintenance at high
temperature for longer periods and consequently grain growth
during cooling.
Similar results were obtained for the joint processed using
the 25-nm period Ni/Ti multilayer thin film (Fig. 4a) but only
with a NiTi2 band present at the bond interface. Due to higher
individual layer thicknesses, Ti diffusion from the interlayer to
the NiTi base material does not occur and the NiTi zone
observed for the 12-nm period interlayer is not present. For this
joint, the SEM/EDS results reveal NiTi2 phase and a broader
Fig. 1 XRD structural evolution during heating of Ni/Ti multilayer
thin film with K = 12 nm
Fig. 2 XRD pattern of the bond interface using the 25-nm period
Ni/Ti multilayer thin film (a) at room temperature before RADB, (b)
at 400 C, (c) at 750 C, and (d) at room temperature after RADB
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b-Ti band due to higher Ni diffusion. The chemical composi-
tion of the bond zone (Ti—64 at.%, Ni—34 at.%, and
Al—2 at.%) is very similar to the chemical composition of
the NiTi2 band of the joint processed using 12-nm period
multilayer thin films. In the 25-nm period joint, the NiTi2 band
also exhibits zones with two different grain sizes (Fig. 4b), one
with finer equiaxed grains closer to the NiTi alloy and another
one with coarser columnar grains close to the Ti6Al4V alloy.
Since the b-Ti phase for this joint is much broader it is possible
to perform EDS analysis in this region (Ti—79 at.%,
Ni—6 at.%, Al—11 at.%, and V—4 at.%) revealing that
despite Al being an alpha stabilizer the effect of beta-
stabilization of Ni prevails.
4. Conclusions
It is possible to obtain NiTi/Ti6Al4V sound joints by
reaction-assisted diffusion bonding technique using two differ-
ent Ni/Ti nanomultilayers periods at 750 C for 30 min and
using a 10 MPa pressure. In both periods studied (12 and 25
nm), the presence of the NiTi2 phase was observed due to Ni
and Ti diffusion from the reaction zone to b-Ti and vice versa,
respectively. The reaction zone exhibits different grain sizes of
the NiTi2 phase band due to the difference in thermal
conductivity of the base materials. For the joint processed
using the 25-nm period multilayer, the Ni3(Al,Ti) was identified
at room temperature after heating, probably due to a fine
precipitation in the b-Ti of the base material.
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Appendix B
Experimental procedure to analyse
the Perkin Elmer 2D detector data
acquired in the DESY synchrotron
This section will describe the methodology and procedure used for conversion from 2D Perkin
Elmer detector data to 2θ vs Intensity ASCII files and, afterwards, to end-of-the-line XRD analysing
programs (CEMUC - X’Pert HighScore Plus - PANanalytical; FCT-UNL - EVA - Brukers). The
first obstacle found was determination the synchrotron’ beam center position on the detector (it is
very important to correctly determine the beam’s center position, because this will be the center
point for the spectra integration). Two different programs can process the detector raw data: Fit2D
and A2tool. Each of these software packages use different procedures to determine the beam’ center
position and both have advantages and disadvantages:
1. Fit2D - It is necessary to mark 3 points, using the mouse, on the diffraction Debye ring
which presents higher intensity counts, resulting in consistency and placement errors;
2. Fit2D - Has high number of options and parameters, enabling texture analysis, but can only
integrate scan sets if the last number on the file name is sequential;
3. A2tool - Automatically detects the best diffraction rings by comparing it to a circle, before
determining the beam center;
4. A2tool - Has limited options but makes it extremely easy to process big series of files, as it
is the case in this thesis.
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Appendix B. Experimental procedure to analyse data acquired in the DESY synchrotron
B.1 Beam center determination and batch processing to *.diff files
Two different methodologies were employed for data processing/analysis, one using Fit2D pro-
gram and other using a2tool program. Both procedures developed start directly with the raw data
files generated by the 2D detector (*.tiff) and conclude when a compatible file format for end-of-
the-line XRD analysis programs is reached. Considering the conversion process and how the final
conversion program is run (PowDLL), the final file will have different extensions, according to each
destination program (Fit2D - *.uxd and a2tool - *.xrdml).
As a side note, a comparative study was conducted between the beam center positions, deter-
mined by each one of the programs (A2tool and Fit2D), for some of the process diffractograms.
The difference between the attained values was lower than the size of one pixel (each pixel is
200×200 µm2), leading to the conclusion that both beam center positions were correct and could
be utilized. For this study, it was only necessary to determine the 2θ position and the integrated
intensity. The a2tool program was the one used to analyse the data, since it has a higher degree of
automation.
B.1.1 Fit2D
Step by step procedure to extract a series of *.tif files to *.diff using Fit2D:
1. Open Fit2D and use, at least, an array of 2048*2048 pixels as cache;
2. Select “Powder Diffraction (2D)” option and “INPUT” the first *.tif to be analysed;
3. Select “BEAM CENTER” and then “CIRCLE COORDINATES”;
4. Confirm if the “TWO CLICK” option is selected and then select points on the wider homo-
geneous circle visible; at least 3 points must be selected;
5. After selecting at least 3 points click on the big yellow zone to exit “BEAM CENTER” menu;
6. Copy the INFO lines produced in the Terminal window to a ASCII file for future reference;
7. Select “EXIT” to leave the “Powder Diffraction (2D)” menu and then select “FILE SERIES”;
8. In the “FILE SERIES” menu select “INTEGRATE” and then select the first file of the series
of files to convert;
9. Confirm if the selected file is correct and select the last file of the series; NOTE: the files must
have a sequential number in the end of the filename so that Fit2d can understand that the
analysed files are in a sequence form;
10. Select the file increment for this file series; normally the increment is 1;
11. “EXIT” the “MASK” menu. The beam stopper that was used on P07 experiments does not
produce significant perturbations on the 2D spectra, therefore, it is not necessary to create a
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mask around the beam stopper position;
12. Confirm that the parameters of the detector are the ones used during the experiment, for
example (¬ December 2012, ­ March 2013):
(a) Size of Horizontal and Vertical Pixels [µm]: 200;
(b) Sample to detector distance [mm]: ¬ - 1260, ­ - 1430 ;
(c) Wavelength [Å]: ¬ - 0.155, ­ - 0.12525;∗
(d) X-Pixel and Y-Pixel Coordinate of direct beam: (these values should be the same as the
ones copied from the INFO line in point 6 );
13. Save each scan in individual file names by choosing “YES” in “Save each integrated scan to
file”;
14. Choose the file format “Chiplot” and then type file extension “diff” (this extension is selected
because a2tool automatically exports to diff, facilitating the procedure);
15. Fit2D then should save all the files individually.
B.1.2 A2tool
Step by step procedure to produce the *.diff files using a2tool:
1. Open A2tool and load a *tiff file from the experiment;
2. In the “Processing” tab, change the processing parameters (wavelength [Å], pixel size [mm]
and sample to detector distance [mm]) to the values used on the experiment where the data
was collected (ex. item 12);
3. In the Option panel select for the X axis : 2Theta [deg] to force the program to output in
the first column the diffracted angle;
4. Click the “Determine center” button and the program will automatically (by adjusting a circle
to different Debye Rings) locate the beam center and add that values to the parameters list;
5. Copy the beam center X and Y position for future reference. Note: The origin of the X and
Y axis is located in a different position than the values from Fit2D.
6. Change the distance from the detector and sample again to the values used during the ex-
periment;
7. Press the “Process series” and a windows will pop up to select the series of files to process;
8. Using the CTRL and SHIFT key select all the files to process;
9. Select the output folder for the *.diff files.
∗To calculate from Energy [keV] to Wavelength (Å) use the following formula: λ = 12.398
E
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B.2 Conversion from *.diff to *xy
B.2.1 Files from Fit2D
A C-shell script can be used to convert multiple files from *.diff to *.xy and remove the first 4
lines of each file.
Listing B.1: Script in C-shell code to remove the first 4 lines and change the file format from
*.diff to *.xy
1 foreach file (*diff)
2 sed ’1,4d’ $file > tt
3 mv tt $file
4 cp $file `echo $file | sed ’s/\(.*\.\)diff/\1xy/’`
5 end
In order to be able use this script it is necessary to have a C-shell terminal available. Depending
on the used operating system different procedures will have to be selected:
1. MacOSX/Linux - Just use the command “csh” in the Terminal window, change to the direc-
tory where the files are stored and copy paste the code to run the script;
2. Windows - To use the script it is necessary to have a C-shell terminal available. Since Windows
doesn’t have one automatically available it is necessary to install a C-shell emulating software
†. The following steps are a walkthrough and some notes for installing and running Cygwin
- a freeware C-shell emulator for Windows™:
(a) Installing
i. Use a web browser and navigate to Cygwin install home page http://cygwin.com/
install.html;
ii. Run the installer and choose “Install from the Internet” which, after choosing the
install directory will ask to choose one of the installer download mirrors. Choose
one randomly and proceed to the next step;
iii. Now you have two choices: either install the “tcsh” or the C-shell emulator:
A. Use the search by typing “tcsh”, press search and choose to install this shell, or
B. Navigate to Shell and then choose to install “tcsh”
iv. Press “Next” and wait for the installer to finish. This process should be relatively
fast in recent computers.
†ex. Hamilton C-shell http://www.hamiltonlabs.com/cshell.htm (shareware) or Cygwin http://cygwin.com/
install.html (freeware)
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(b) Running
i. Run Cygwin Terminal from the Start menu;
ii. Enter “tcsh” terminal emulator through the use of “tcsh” command and press enter;
iii. Now it is necessary to navigate to the correct folder where we want to run the script:
A. This terminal uses UNIX® commands to navigate, so MS-DOS “DIR” command
is “ls”, but to change the directory, the command is the same as in MS-DOS
(“cd” and “cd..”);
B. Since the terminal works like a Linux emulator, the hard drive disks are mounted
in a particular directory of the emulator’ virtual disk, therefore it is necessary
to navigate to the correct position (change to a similar position as when clicking
in “My computer” in Windows);
C. In order to do change to the “working” directory, it is necessary to go up in the
directory twice (“cd..” and again “cd..”).
D. Now navigate to the directory “cygdrive” using the command “cd cygdrive”;
E. The “ls” command should now output the different hard drives available on the
computer;
F. Navigate to the correct directory using “cd” and the folder to go to;
G. Run the script by copying and pasting the entire code or typewriting line by
line. Note: Do not forget that the line has to be complete before pressing enter.
B.2.2 Files from A2tool
Similarly to the Fit2D process, a C-shell script may be used to create multiple *.xy files from
*.diff and to remove the first 15 lines and the two last columns of each file.
Listing B.2: Script in C-shell code to remove the first 15 lines and 2 last columns and change the
file format from *.diff to *.xy
1 foreach file (*diff)
2 sed ’1,15d’ $file > tt
3 cat tt | gawk ’{print $1, $2}’ tt > ZZ
4 cp ZZ `echo $file | sed ’s/\(.*\.\)diff/\1xy/’`
5 end
This script will create a second file leaving the *.diff file intact, because the first 15 lines from
the a2tool output have information regarding the used processing parameters.
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B.3 Convert from *.xy to *.uxd or *.xrdml
This section will address how to use the PowDLL program to convert the *.xy files to *.uxd
which allows to import the synchrotron analysis into end-of-the-line XRD powder diffraction pro-
grams. The *.uxd file type is the standard format of Brukers XRD equipment but in the new
PANanalystical X’Pert HighScore (Plus) it is also possible to analyse a spectrum using this file
format.
1. Open PowDLL ‡ and select “Convert multiple files”;
2. Choose the files you want to convert (*.xy format);
3. Confirm if the values of Kα1 and Kα2 are in accordance with the used wavelength in 12c; Note:
The Kα1/Kα2 ratio should be equal to 1 because, since the wavelength is monocromatic, no
Kα2 radiation is present;
4. Click “Apply” and choose the export format according to the program used:
Fit2D “UXD Files(*.uxd)”;
a2tool “XRDML Files(*.xrdml)”;
5. Click “Convert all files” and, after a few seconds, the conversion should be complete! If every
step went smoothly we should have all *.tif files converted to *.uxd/*.xrdml and they are now
ready to be analysed using end-of-the-line XRD powder diffraction analysis software.
‡http://users.uoi.gr/nkourkou/powdll.htm
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JCPDS cards utilized
C.1 Pure Elements
C.1.1 Nickel - JCPDS Nr. 04-0850
Table C.1: Nickel peak positions for different energies
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.2034 100 1 1 1 52.220 44.548 30.737 4.367 3.528
0.1762 42 2 0 0 61.066 51.895 35.629 5.041 4.073
0.1246 21 2 2 0 91.850 76.450 51.270 7.131 5.766
C.1.2 α-Titanium - JCPDS Nr. 44-1294
Table C.2: α-Ti peak positions for different energies
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.2555 25 1 0 0 41.018 35.125 24.360 3.476 2.809
0.2341 30 0 0 2 44.963 38.456 26.626 3.794 3.066
0.2243 100 1 0 1 47.043 40.207 27.812 3.960 3.199
0.17262 13 1 0 2 62.473 53.054 36.394 5.146 4.158
0.14753 11 1 1 0 74.712 63.011 42.863 6.022 4.865
0.1332 11 1 0 3 84.450 70.732 47.745 6.670 5.389
0.12776 1 2 0 0 88.960 74.234 49.913 6.955 5.619
0.12481 9 1 1 2 91.651 76.298 51.177 7.119 5.754
0.12324 6 2 0 1 93.163 77.449 51.877 7.210 5.825
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C.1.3 β-Titanium - JCPDS Nr. 44-1288
Table C.3: β-Ti peak positions for different energies
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.23375 100 1 1 0 45.034 38.516 26.667 3.800 3.070
0.16532 12 2 0 0 65.568 55.595 38.061 5.373 4.341
0.13496 17 2 1 1 83.101 69.675 47.084 6.583 4.319
0.11689 4 2 2 0 99.959 82.533 54.925 7.602 6.142
C.2 NiTi phases and similar
C.2.1 NiTi - Austenite (B2) - JCPDS Nr. 18-0899
Table C.4: NiTi Austenite peak positions for different energies (JCPDS 18-0899)
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.2111 100 1 1 0 50.221 42.846 29.590 4.207 3.400
0.1496 40 2 0 0 73.571 62.049 42.242 5.938 4.798
0.122 60 2 1 1 94.495 78.396 52.444 7.283 5.884
0.1059 60 2 2 0 115.543 93.453 61.198 8.392 6.780
Table C.5: NiTi Austenite peak positions for different energies (Powder Cell)
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.300 2.4 1 0 0 34.721 29.783 20.703 2.960 2.392
0.212 100 1 1 0 49.953 42.650 29.461 4.189 3.385
0.173 1.2 1 1 1 62.321 52.929 36.311 5.135 4.149
0.150 21.2 2 0 0 72.278 61.858 42.124 5.922 4.785
0.134 2 2 1 0 83.830 70.247 47.442 6.630 5.357
0.122 49.3 2 1 1 94.401 78.386 52.444 7.283 5.884
0.106 18.5 2 2 0 115.235 93.325 61.124 8.385 6.773
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C.2.2 Martensite (B19’) - JCPDS Nr. 35-1281
Table C.6: NiTi Martensite peak positions for different energies
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.459 6 0 1 0 22.492 19.339 13.489 1.935 1.563
0.3066 1 0 1 1 33.951 29.127 20.253 2.896 2.341
0.2865 1 1 0 0 36.414 31.221 21.690 3.100 2.505
0.257 13 1 -1 0 40.768 34.913 24.216 3.456 2.792
0.2352 11 1 0 1 44.741 38.269 26.499 3.776 3.051
0.2311 2 1 1 0 45.579 38.975 26.978 3.843 3.105
0.2295 54 0 2 0 45.915 39.258 27.170 3.870 3.127
0.2181 100 1 -1 1 48.464 41.402 28.619 4.072 3.290
0.206 54 0 0 2 51.513 43.956 30.340 4.312 3.484
0.2016 94 1 1 1 52.722 44.967 31.018 4.406 3.560
0.2005 26 0 2 1 53.034 45.228 31.193 4.430 3.579
0.1904 1 1 -2 0 56.088 47.772 32.893 4.665 3.769
0.1879 1 0 1 2 56.901 48.448 33.343 4.727 3.820
0.1728 8 1 -2 1 62.401 52.995 36.354 5.140 4.153
0.1696 1 1 2 0 63.715 54.075 37.065 5.238 4.232
0.1673 1 1 0 2 64.696 54.881 37.594 5.310 4.290
C.2.3 NiTi R-Phase - Simulated in PowderCell by Rui Martins (Martins, 2008)
Table C.7: NiTi R-phase peak positions for different energies
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.302 6 1 1 1 34.484 29.581 20.564 2.941 2.376
0.244 1 1 0 -2 43.045 36.838 25.527 3.640 2.941
0.215 96 1 1 2 49.209 42.027 29.041 4.131 3.338
0.212 100 3 0 0 49.953 42.650 29.461 4.189 3.385
0.203 3 2 0 2 52.331 44.641 30.799 4.375 3.535
0.184 1 2 2 0 58.222 49.543 34.071 4.827 3.900
0.174 1 0 0 3 61.923 52.601 36.095 5.105 4.125
0.151 28 2 2 2 72.715 61.404 41.831 5.883 4.753
0.129 1 1 0 -4 87.883 73.403 49.401 6.888 5.565
0.124 11 1 1 4 92.424 76.887 51.536 7.166 5.789
0.123 14 0 3 3 93.400 77.628 51.986 7.224 5.836
0.123 14 1 4 1 93.400 77.628 51.986 7.224 5.836
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C.2.4 NiTi2 - JCPDS Nr. 72-0442
Table C.8: NiT i2 peak positions for different energies
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.65352 17 1 1 1 15.746 13.550 9.463 1.359 1.098
0.40019 0 2 2 0 25.851 22.215 15.483 2.219 1.793
0.34129 0 3 1 1 30.412 26.111 18.176 2.602 2.103
0.32676 5 2 2 2 31.799 27.294 18.991 2.718 2.196
0.28298 1 4 0 0 36.883 31.619 21.963 3.138 2.536
0.25968 7 3 3 1 40.329 34.542 23.962 3.420 2.763
0.23105 29 4 2 2 45.590 38.984 26.984 3.844 3.106
0.21784 100 5 1 1 48.526 41.454 28.654 4.077 3.294
0.20009 26 4 4 0 53.151 45.326 31.258 4.439 3.587
0.19133 4 5 3 1 55.791 47.525 32.729 4.642 3.751
0.18865 9 4 4 2 56.655 48.243 33.207 4.708 3.804
0.17897 0 6 2 0 60.023 51.034 35.060 4.963 4.010
0.17261 1 5 3 3 62.477 53.058 36.396 5.146 4.158
0.17064 2 6 2 2 63.281 53.719 36.831 5.206 4.206
0.16338 2 4 4 4 66.446 56.313 38.531 5.437 4.393
0.1585 2 7 1 1 68.773 58.210 39.766 5.605 4.528
0.15126 1 6 4 2 72.570 61.287 41.756 5.873 4.745
0.14736 4 7 3 1 74.813 63.092 42.915 6.029 4.871
0.14149 1 8 0 0 78.494 66.034 44.790 6.279 5.073
0.13828 1 7 3 3 80.685 67.771 45.888 6.425 5.191
0.13726 0 6 4 4 81.410 68.344 46.249 6.473 5.230
0.13339 18 8 2 2 84.302 70.617 47.673 6.661 5.381
0.1307 5 5 5 5 86.455 72.296 48.717 6.798 5.492
0.12984 1 6 6 2 87.171 72.851 49.061 6.843 5.529
0.12655 0 8 4 0 90.041 75.065 50.424 7.021 5.672
0.12424 2 7 5 3 92.193 76.711 51.429 7.152 5.778
0.1235 4 8 4 2 92.909 77.256 51.760 7.195 5.813
0.12066 0 6 6 4 95.785 79.428 53.072 7.364 5.950
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C.2.5 Ni3Ti - JCPDS Nr. 75-0878
Table C.9: Ni3Ti peak positions for different energies
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.44131 0 1 0 0 23.406 20.122 14.032 2.012 1.626
0.3897 1 1 0 1 26.559 22.821 15.902 2.279 1.841
0.3024 1 1 0 2 34.437 29.541 20.537 2.937 2.373
0.2548 0 1 1 0 41.136 35.225 24.428 3.486 2.816
0.23449 0 1 0 3 44.884 38.390 26.581 3.788 3.060
0.22066 9 2 0 0 47.867 40.900 28.280 4.025 3.252
0.21326 47 2 0 1 49.638 42.386 29.283 4.165 3.365
0.2076 38 0 0 4 51.087 43.600 30.100 4.278 3.457
0.19485 100 2 0 2 54.698 46.615 32.121 4.558 3.683
0.18785 0 1 0 4 56.918 48.462 33.353 4.728 3.821
0.17254 20 2 0 3 62.505 53.081 36.411 5.148 4.160
0.1668 0 2 1 0 64.914 55.059 37.711 5.325 4.303
0.16353 0 2 1 1 66.377 56.257 38.494 5.432 4.389
0.16094 0 1 1 4 67.588 57.245 39.138 5.520 4.460
0.15543 0 1 0 5 70.329 59.474 40.586 5.715 4.618
0.15478 0 2 1 2 70.668 59.749 40.764 5.739 4.637
0.1512 4 2 0 4 72.603 61.314 41.774 5.875 4.747
0.1471 0 3 0 0 74.968 63.216 42.995 6.039 4.879
0.14286 0 2 1 3 77.599 65.321 44.337 6.219 5.024
0.13269 6 2 0 5 84.850 71.045 47.940 6.696 5.410
0.13003 0 2 1 4 87.011 72.728 48.984 6.833 5.520
0.1274 13 2 2 0 89.278 74.479 50.064 6.974 5.635
0.1224 0 3 1 0 93.998 78.081 52.260 7.260 5.865
0.12109 0 3 1 1 95.335 79.090 52.869 7.338 5.928
0.12002 0 3 0 4 96.463 79.936 53.377 7.404 5.981
0.11724 10 2 0 6 99.552 82.233 54.748 7.579 6.123
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C.2.6 Ni4Ti3 - JCPDS Nr. 39-1113
Table C.10: Ni4Ti3 peak positions for different energies
d Int. (hkl)
2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦) 2θ (◦)
IPN CEMUC ESRF DESY DESY
Co Cu E = 11.5keV E = 80keV E = 98keV
(nm) (%) λ=1.790Å λ=1.542Å λ=1.078Å λ=0.155Å λ=0.125Å
0.2386 30 1 3 1 44.070 37.703 26.115 3.722 3.008
0.2245 15 2 0 2 46.998 40.170 27.787 3.956 3.197
0.2092 100 1 2 2 50.668 43.250 29.865 4.246 3.430
0.1845 20 3 1 2 58.049 49.400 33.976 4.814 3.890
0.1675 15 2 3 2 64.610 54.810 37.547 5.303 4.285
0.1489 20 4 2 2 73.909 62.366 42.450 5.966 4.820
0.122 20 5 3 2 94.401 78.386 52.444 7.283 5.884
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